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Abstract 
Persistent efflorescence on ceramic brick masonry is on the rise, with progressively more buildings in 
Belgium being affected every year. This results in a growing number of consumer complaints, as the bricks 
fail to provide the desired appealing facade appearance. Even though persistent efflorescence has been 
observed for more than three decades, neither a method for its assessment nor a solution for the surface 
blemish is available. Those deficiencies stem from the limited understanding of its cause and mechanism, 
which puts brick manufacturers in an uneasy situation, as they are helpless in preventing this growing flaw. 
Consequently, persistent efflorescence is now perceived as a considerable threat for the ceramic brick 
industry. 
Regardless of the alarming scale of the problem, little is known about the specifics of the Belgian cases. 
This motivated the first step of this project: a field survey wherein 28 affected constructions were 
subjected to a systematic on-site investigation. Facades exposed to wind-driven rain were most affected, 
demonstrating the critical role of moisture transfer in the efflorescence development. At the same time, 
the efflorescence affected bricks regardless of their moisture properties, thus showing their negligible 
impact. The mineralogical analysis of collected samples allowed establishing the composition of the 
persistent efflorescence – gypsum in most cases –, while the moisture influences indicated that its source 
was either a brick or mortar joint. The latter was the main departure point for the next step: a tailored 
experiment demonstrating gypsum formation upon cement paste carbonation. The obtained expertise 
formed the backbone for developing a fast and versatile test method, which allowed assessing the risk of 
efflorescence in a relatively short period of time. Its application to the masonry components combined 
with the field survey and cement carbonation studies shed light on the genesis of persistent gypsum 
efflorescence and indicated possible solutions. 
The test results have confirmed the complex nature of gypsum efflorescence and the underlying processes 
leading to its formation. Gypsum under ordinary conditions exhibits an intrinsic propensity towards 
precipitation just below the surface, leading to pore clogging, hindering any further gypsum accumulation. 
This typically results in negligible intergrain efflorescence, and moreover, it appears to prevent the 
formation of other types of efflorescence. Gypsum accumulation at the surface can nevertheless be 
triggered by the presence of surfactant-based mortar admixtures, which modify the gypsum crystallisation 
behaviour. Their implementation in the test was manifested by a formation of abundant gypsum 
accumulation, reminiscent of the field survey cases. Moreover, their increased use on construction sites 
coincides with the reported onset of gypsum efflorescence cases, further proving their major role. 
Both bricks and carbonated cement paste may contain considerable gypsum sources, in the form of 
anhydrite and gypsum, respectively. However, the tested brick types were deficient in anhydrite and did 
not yield abundant gypsum efflorescence, demonstrating that it is possible to limit the brick’s contribution 
to the gypsum efflorescence risk considerably. The selected commercial cements yielded substantial 
gypsum source formation upon carbonation of prepared pastes, but they nevertheless solely produced 
slight efflorescence, owing to gypsum’s subflorescing propensity. In contrast, a test applied to the binder 
fraction from a premixed mortar generated abundant efflorescence formation, proving that a mortar joint 
can contribute both as a gypsum source and through admixtures triggering gypsum accumulation on the 
surface.  
The results of this research indicate that elimination of surfactant based admixtures may solve the gypsum 
efflorescence problem. It requires finding a substitute, and as an initial approach a single superplasticizer 
product was tested. The tested product yielded promising results in the benchmarking tests, but showed 
unsatisfactory results in combination with cement paste due to an interaction effect. It needs to be noted 
though, that superplasticizers cannot be considered as replacement for air-entraining agents, while a lack 
of the latter may result in insufficient freeze-thaw durability of hardened mortar. Regardless of the 
apparent complexity of the problem, the efﬂorescence free old masonry buildings demonstrate that this 
problem can be avoided, and this project provides the required tools and also sets the direction for 
achieving this goal. 
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1 Introduction and research objectives 
1.1 Introduction 
Over the last two decades Belgian ceramic brick masonry constructions are getting increasingly affected by 
persistent stains developing on their facades (Figure 1.1). These are referred to as efflorescence i.e. a 
mineral deposit accumulating on the surface of a porous material. Such efflorescence requires the 
presence of water, a mineral source, and drying conditions, where water plays the role of both the 
dissolution and the transport medium. The efflorescence formation is driven by the solution evaporating 
at the exposed surfaces, which induces salt precipitation as well as sustains the liquid transport. Masonry 
constructions definitely fulfil the conditions promoting efflorescence growth. Both brick and mortar joint 
are porous and contain water soluble mineral components. In bricks they originate from the clay mix, and 
they can additionally be generated upon their interaction with fumes during the firing process. The main 
soluble mineral source in mortars is the binder fraction, which nowadays is mostly Portland cement, 
produced from clinker, interground with calcium sulphate(s), and often mixed with industrial residues 
(such as fly ash). Water can be easily sourced from natural rainfall, and the walls are continuously exposed 
to the external conditions, which to varying degrees promote the drying process. The combination of 
these conditions is optimally met in spring, when wet walls are regularly exposed to mild drying 
conditions. This is reportedly often the first moment when the owners are surprised with the 
disappointing new appearance of their dwelling.  
 
Figure ‎1.1 Belgian cases of persistent efflorescence 
Efflorescence on masonry is not uncommon, as it is frequently found on newly erected constructions. 
However, this early efflorescence is of temporary nature, since it is composed of well soluble salts and 
washes off quickly with natural rainfall. In contrast, the above-mentioned recent cases of efflorescence 
concern persistent stains, developing only after a couple of years, which are moreover not removed by 
natural rainfall. Instead, once formed on the masonry surface, they stay and permanently spoil the facade 
appearance. Even though this problem relates solely to the aesthetic aspect of a construction, and does 
not pose any risk of damage to the material, it creates a considerable threat for the brick manufacturing 
industry. Nowadays clients pay more attention to the visual presentation of a building, and their choice of 
the facade product is often mainly conditioned by its appealing appearance. In Belgium, facing clay bricks 
are the most common material used in facades. Along with a growing number of complaints regarding the 
formation of such unsightly stains, the brick manufacturers are facing a perspective of losing their market 
share and thus a considerable drop in income. This type of persistent efflorescence develops 
predominantly on the brick surface, in most cases leaving the surrounding masonry joint untouched. For 
that reason the brick producers are being blamed for delivering a product of mediocre quality, and in 
some cases are even obliged to clean the facade, typically a costly measure.  
While there is much literature available on efflorescence in general (MacGregor Miller and Melander, 
2003), far less work has been expressly devoted to persistent efflorescence on masonry. The available 
reports address recent cases identified in the UK (Bowler and Winter, 1996; Bowler and Winter, 1997; 
Bowler and Sharp, 1998) and in the Netherlands (Brocken and Nijland, 2004), which appear to share the 
typical features of the Belgian cases. While these reports do shed some light on the mechanism of 
formation, at the same time they reveal the extraordinary complexity of the underlying processes, and 
consequently raise many unsolved research questions.  
CHAPTER 1 - Introduction and research objectives 
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1.2 Research objectives and strategy 
The Belgian brick manufacturers are in a critical situation, as the number of persistent efflorescence cases 
is growing in an alarming pace, calling for an urgent solution. The producers are helpless in preventing the 
problem, as there is no method available for predicting the performance of masonry components with 
respect to the risk of persistent efflorescence. This stems from a lack of understanding about the source, 
the cause and the mechanism of formation for this type of efflorescence. Besides this, more fundamental 
questions about the phenomenon, like the factors that favour and/or inhibit the development of this type 
of efflorescence, also remain unanswered. The main aims of this project are hence to reveal the 
mechanism of persistent efflorescence development and to develop an efficient and versatile test method 
capable of assessing the risk of its occurrence. This will consequently allow for optimizing the quality of 
masonry components and eliminating this problem in future. A first and necessary step, before addressing 
the above more specific research questions, is to gather general information on the characteristic 
appearance and composition of efflorescence in Belgian cases, as well as on the types of affected materials.  
Indeed, persistent efflorescence in Belgium has not been addressed in a systematic investigation up till 
now. This problem was investigated in much more detail e.g. in the UK and the Netherlands, and a similar 
view emerges from the analysed cases therein. Persistent efflorescence is a recent phenomenon affecting 
constructions erected within approximately the last three decades, contrasting with the older spotless 
buildings. It is reported to develop with a delay of a few years, to exclusively affect the wind-driven rain 
exposed facades, and in most cases to be composed of gypsum and/or syngenite. This naturally raises the 
question whether the Belgian problem is of the same nature, and what is the cause for these specific 
characteristics.  
The field survey established that gypsum (CaSO4∙2H2O) was found in most occurrences of persistent 
efflorescence, which brings up the question what gypsum sources are present in masonry, or whether it 
could have formed upon interaction with air pollution. Bricks may contain varying levels of anhydrite 
(CaSO4), but according to the Belgian experience also bricks that are particularly deficient in calcium 
sulphate are found in constructions affected with gypsum efflorescence. This suggests that gypsum can be 
possibly derived from the mortar as well, e.g. through the addition of calcium sulphate(s) to control the 
setting of cement. Nevertheless, during the hydration of cement, these are typically turned into virtually 
insoluble ettringite and monosulphate phases. A hypothesis was proposed indicating that gypsum may be 
released back form mortar upon its carbonation (Brocken and Nijland, 2004). Several papers were 
published indicating that synthetic ettringite and monosulphate phases indeed decompose back to gypsum 
upon carbonation (Grounds et al., 1988; Nishikawa et al., 1992; Xiantuo et al., 1994), and that this process 
can be possibly hindered (Pajares et al., 2003). However, these phenomena have not been yet reported for 
complex cementitious materials. While these indicate that brick and mortar may possibly contain the 
sources of gypsum efflorescence, determining their actual contribution requires a method which allows 
establishing precisely the effect of the masonry component quality (e.g. the gypsum source content) on the 
risk of gypsum efflorescence. This could be potentially achieved by adapting the existing salt crystallisation 
test protocols. Commercially available bricks and cements contain varying levels of gypsum source(s), and 
such method could aid in identifying products which contribution to gypsum efflorescence is negligible. 
However, even though gypsum efflorescence has been observed for more than three decades, neither a 
method for its assessment nor a solution for this deficiency is available. Salt crystallisation tests are widely 
applied to porous materials, but when adapted to gypsum efflorescence reproduction they often fail 
(Franke and Grabau, 1994), or take far too much time (Bowler and Winter, 1997). Calcium sulphate(s) are 
ubiquitous components of many natural and artificial building materials, including brick and anhydrous 
cement used for masonry mortar preparation. In the UK the efflorescence components could have been 
possibly derived from bricks, as these are often considerably rich in anhydrite. However, such bricks have 
been in use for more than a century without evidence of any surface blemish (Bowler and Fisher, 1989). 
This fact may possibly stem from the specific crystallisation behaviour of gypsum i.e. its tendency for a 
subsurface crystallisation (Franke and Grabau, 1994), but it has not yet been demonstrated on commercial 
hand moulded bricks. Bowler et al. (1997, 1998) linked the persistent efflorescence outbreak in the UK 
with the introduction of surfactant based mortar admixtures, and experimentally demonstrated that these 
substances may indeed trigger the formation of gypsum efflorescence. A wide range of mortar admixtures 
 Section ‎1.2 - Research objectives and strategy 
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is used on Belgian construction sites, however up to now these have not been evaluated as a possible 
gypsum efflorescence trigger, nor a substitute for them is available.  
Addressing these research questions requires developing a versatile efflorescence test method, thus easily 
adaptable for testing (i) brick and cement as gypsum efflorescence (GE) sources, (ii) the effect of brick 
moisture properties and (iii) mortar admixtures as potential factors triggering this surface blemish. On top 
of this, such method should yield results within a reasonable period of time, to be considered for practical 
application.  
This industrial PhD project was conceived as a cooperation between KU Leuven’s Department of Earth 
and Environmental Sciences and the Belgian Brick Federation within the framework of a VLAIO 
Baekeland grant. It needs to be noted that at the start of this project there were many preconceptions in 
the brick industry regarding persistent efflorescence. While the Belgian persistent efflorescence cases had 
not been yet investigated, these were suspected to be composed of gypsum as the industry was aware of 
similar Dutch cases (Brocken and Nijland, 2004). It was questioned though whether gypsum efflorescence 
can be formed upon gypsum dissolution, transport and precipitation, because of its very low solubility (as 
compared to alkali sulphates which commonly form early efflorescence). Instead, air pollution and wall 
insulation were often suspected for triggering this surface blemish. The impact of mortar admixtures was 
generally neglected, since these are added at very low levels to masonry mortars and their influence is not 
evident. Masonry mortar was suspected as a potential efflorescence source, since persistent efflorescence 
affected also masonry constructed of bricks which were characterised by exceptionally low content of 
water soluble sulphates.  
The main emerging research questions and aims can be summarised as follows:  
1. GE characteristics, mechanism and sources 
1.1. What is the composition of persistent efflorescence in Belgium? What are its characteristic features and how do they 
relate to the British and Dutch cases? 
1.2. Are the GE components derived from internal or external sources?  
2. Aim: development of a fast and versatile efflorescence test method 
3. GE genesis 
3.1. Why did GE not occur before 80-90’s and what triggered its formation later on? 
4. GE risk 
4.1. Can brick provide a sufficient amount of the GE source? 
4.2. Can mortar provide a sufficient amount of the GE source? 
4.3. Is it possible to limit the brick contribution to the GE risk by limiting its GE source?  
4.4. Is it possible to limit the brick contribution to the GE risk by optimizing its moisture properties?  
4.5. Is it possible to limit the mortar contribution to the GE risk by reducing the calcium sulphate(s) addition to 
cement?  
4.6. Is it possible to limit the mortar contribution to the GE risk by inhibiting gypsum formation in a cement paste? 
4.7. Is it possible to limit the GE risk by eliminating the surfactant-based mortar admixtures?  
The research questions are addressed in four dedicated studies. First, Belgian constructions affected by 
persistent efflorescence were thoroughly analysed. Secondly, gypsum formation upon cement carbonation 
was investigated experimentally. Thirdly, an accelerated test method allowing for fast and versatile gypsum 
efflorescence risk assessment was gradually developed. Finally, the developed method was applied to 
evaluate the contribution of brick, cement and mortar admixtures to the gypsum efflorescence risk. 
Field survey 
Selected cases of persistent efflorescence in Belgium were investigated on-site. Efflorescence was sampled 
and subjected to a qualitative X-ray powder diffraction (XRD) analysis to reveal its composition. The 
constructions were carefully examined and documented with photographs. When possible the owners 
were interviewed and in many cases this yielded information on the age of construction, the onset of the 
efflorescence and the brick type used for construction. 
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Experimental cement paste carbonation 
The hypothesis of gypsum formation upon ettringite and monosulphate decomposition in cement paste 
was investigated by monitoring phase development and water soluble sulphate evolution upon its 
carbonation. The former was realised with quantitative phase analysis (QPA) and thermogravimetric 
analysis (TG), while the latter was implemented by a leaching experiment followed by leachate analysis 
with inductively coupled plasma–optical emission spectrometry (ICP-OES). The carbonation process was 
accelerated by reducing the size of hardened cement paste to a powder and by ensuring optimal 
carbonation conditions. Moreover, a simple dissolution monitoring experiment was designed to 
demonstrate gypsum formation and to quantify its amount. 
Accelerated gypsum efflorescence 
The efflorescence test method was developed based on a basic wick test setup, where a brick core sample 
(transport  medium) stays in continuous contact with a test solution containing the source of efflorescence 
(e.g. brick or carbonated cement sample). However, the preliminary efflorescence test setup suffered from 
numerous flaws and was progressively improved, what included (i) a selection of an inert adhesive, (ii) 
leaching brick core samples, (iii) optimisation of test conditions (temperature and relative humidity), 
(iv) implementation of frequent wetting phases, (v) setting up a procedure for collecting high quality 
efflorescence photographs and efflorescence quantification, (vi) investigating the effect of brick surface 
quality, and (vii) setting up a protocol for analysis of efflorescence composition (XRD and HCl test).  
Gypsum efflorescence factors 
Application of the developed efflorescence test procedure to masonry components required adapting it 
separately to each independent variation addressed to assessing (i) the effect of brick moisture properties, 
(ii) brick and carbonated cement paste as GE sources, and (iii) the effect of mortar admixtures. As the 
tests were realised on small brick cores, for each test setup the amount of tested sample was calculated to 
reflect the ratio of components in an actual masonry wall. In case of cement evaluation, a cement paste 
was prepared and carbonated based on the developed accelerated carbonation protocol.  
1.3 Manuscript outline 
The thesis is subdivided into nine chapters and starts with introduction (Chapter 1). Chapter 2 presents 
the state of the art and provides the context for the gypsum efflorescence problem. The methods used 
throughout this project are described in detail in Chapter 3. Chapter 4 focuses on the on-site 
investigations carried out during the field survey, and on the analysis of the Belgian persistent 
efflorescence cases. The hypothesis of gypsum formation upon cement carbonation is experimentally 
assessed in Chapter 5, which also discusses possibilities of limiting contribution of cement towards the 
risk of gypsum efflorescence formation. Chapter 6 explains how the efflorescence test method was 
designed, illustrating each improvement with a set of experimental results, and gives first insights on the 
genesis of gypsum efflorescence. The latter is addressed in more detail in Chapter 7, where the developed 
efflorescence test method is applied to evaluation of masonry components, i.e. brick, cement and mortar 
admixtures. The thesis is summarised in the conclusions (Chapter 8) followed by appendices (Chapter 9).  
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2 State of the art 
2.1 Introduction 
While the literature speciﬁcally dedicated to gypsum efﬂorescence is relatively limited, there are a number 
of studies from various other ﬁelds which can enhance the understanding of the underlying processes. 
These primarily relate to calcium sulphate sources, transport and crystallisation. This background 
knowledge allows interpreting the field survey observations, which is crucial in defining a strategy for the 
subsequent chapters (each addressing a dedicated study). Gypsum efflorescence cases have been reported 
before on masonry in the UK and Netherlands (Section 2.2). Both masonry components can contain 
gypsum sources: anhydrite is not an uncommon component of ceramic bricks (Section 2.3.1), while there 
is a hypothesis suggesting gypsum formation upon mortar joint carbonation (Section 2.3.2). Apart from 
the presence of internal calcium sulphate sources, gypsum efﬂorescence necessitates their transport. 
Sections 2.4 and 2.5 corroborate the possibilities for dissolution of calcium sulphate in masonry and its 
crystallisation at the surface in the form of gypsum. However, the available knowledge indicates that 
gypsum exhibits a propensity for subsurface accumulation, and the factors which lead to the recent cases 
of gypsum efflorescence remain unexplained. As its occurrence is restricted in Belgium to the last two 
decades only, contrasting thus with the older unaffected buildings, the recent changes in brick (Section 
2.6.1) and mortar composition (Section 2.6.2), and also in the use of wall insulation (Section 2.6.3) are 
analysed. The main aim of this research project is to develop a fast and versatile efflorescence test method, 
which can be designed by adapting the existing protocols (Section 2.7.1). Even though the impregnation 
and drying test (Bowler and Winter, 1997) reproduced gypsum efflorescence formation, it suffered from 
many flaws, and particularly from a long duration (Section 2.7.2). Section 2.8 discusses on how its 
shortcomings can be addressed and solved with the wick test protocol, while the chapter is summarised in 
Section 2.9. 
2.2 Reported cases of gypsum efflorescence on masonry 
Bowler and Winter (1996) were the first to communicate on a new type of efflorescence occurring in the 
UK. The persistent deposits were observed between 1985 and 1995, exclusively on recently built houses, 
constructed only down to 1980. Older brickwork, on the other hand, was free from such staining. The 
affected buildings were found in different locations spread over the UK. Various brick types were 
involved, ranging from bricks with very low salt content to the bricks of the Fletton type, typically 
containing 3.4 wt% of calcium sulphate in its least active form – anhydrite. Interestingly, some brick types 
traditionally used for more than 100 years with no history of such staining were also affected. Most 
manufacturers observed the same problem with their products. The mortars used for construction 
covered various mortar formulations and cement types. Many of the reported houses had insulated cavity 
walls. 
White or greyish deposits developed on the façade side exposed to the action of wind-driven rain, typically 
facing the south-west direction. These stains were mostly very thin and invisible when masonry was wet, 
but occasionally also some encrustation was found. They proved to be very persistent, and instead of 
being washed away with natural weathering, as for primary efflorescence, they often exacerbated with 
time. The discoloration often became apparent only after two years or more after construction, whereas 
some cases were reported already after a few months. Samples of the deposits were analysed with X-ray 
powder diffraction methods, which revealed that the main component was gypsum, syngenite, or both. 
Very often efflorescence was found not only on bricks but also on mortar joints, which were moreover 
surrounded with white halo staining, indicating transport of soluble salts from the mortar joint to the 
brick. 
Persistent efflorescence occurrence was also reported in the Netherlands (Brocken and Nijland, 2004). 
The cases were very similar to those reported in the UK, exhibiting almost all their characteristics. These 
permanent deposits were found as well on the external leaf of an insulated masonry wall. A specific delay 
in development was also observed, ranging from several months to a couple of years, and the 
discoloration was becoming more intense with time. On the other hand, no white ‘halo’ surrounding the 
mortar joint was noticed and only gypsum and no syngenite was identified in the deposits.  
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2.3 Calcium sulphate sources 
Calcium sulphate occurs in three distinct mineral forms: gypsum, bassanite and anhydrite, which are 
respectively the dihydrate (CaSO4∙2H2O), hemihydrate (CaSO4∙0.5H2O) and anhydrous (CaSO4) forms. 
Both gypsum and anhydrite can be present in masonry, and it is hence important to distinguish between 
these two mineral forms. Under normal conditions gypsum is the stable calcium sulphate mineral form, 
explaining its presence in efﬂorescence. The conversion to anhydrite occurs at temperatures above 350°C 
(Kuntze, 2008). 
2.3.1 Brick as a calcium sulphate source 
Calcium sulphate in ceramic bricks may originate from the initial calcium sulphate in the clay mix, or may 
stem from high-temperature reactions taking place during brick firing. In the former case the calcium 
sulphate persists during ﬁring, since the typical brick firing temperatures of 900–1050°C are below the 
calcium sulphate decomposition temperature of 1200–1300°C. In the latter case it is formed due to the 
reaction between calcium, bound as carbonate or more reactive oxide, with sulphates, formed by sulphide 
oxidation (e.g. pyrite decomposition) or directly available from the ﬂue gasses (Vogt and Tatarin, 2013). 
Independent of the reaction path, the ﬁnal calcium sulphate mineral form present in the ceramic brick is 
anhydrite, given the high firing temperatures. 
2.3.2 Mortar as a calcium sulphate source 
Calcium sulphate is present in Portland cement, where it primarily reacts with tricalcium aluminate (C3A) 
(to control the setting properties). The calcium sulphate and C3A interaction occurs in two stages: initially 
ettringite is formed, which then further reacts to monosulphate. Originally, such added calcium sulphate 
was not considered as an efﬂorescence trigger, because ettringite and monosulphate are virtually insoluble 
(MacGregor Miller and Melander, 2003). Synthetic ettringite does however undergo carbonation when 
exposed to CO2, decomposing back to gypsum and other minerals (Grounds et al., 1988). Monosulphate is 
even less stable than ettringite, and hence more prone to decomposition (Gabrisová et al., 1991). 
Carbonated mortar is therefore a potential source of calcium sulphate, a hypothesis initially proposed by 
Brocken and Nijland (2004), but actual gypsum formation upon mortar carbonation has not been yet 
demonstrated.  
The chemistry of cement 
The usual commercial cements are composed of cement clinker interground with calcium sulphate(s), and 
optionally blended with supplementary cementitious materials (SCM). A cement composed of the former 
two ingredients is called an ordinary Portland cement (OPC). The SCMs are mineral additives, the most 
common being fly ash, blastfurnace slag, natural pozzolanas and limestone. The three former components 
exhibit pozzolanic activity. 
Portland cement clinker is composed of four main mineral phases (names are provided in cement chemist 
notation): alite (tricalcium silicate 3CaO·SiO2), belite (dicalcium silicate 2CaO·SiO2), aluminate (tricalcium 
aluminate 3CaO·Al2O3) and ferrite (tetracalcium alumino ferrite 4CaO·Al2O3·Fe2O3). We will refer to the 
latter two as aluminate phases. All four components react with water, upon which the cement paste sets 
and hardens. Alite and belite hydrate to semi-amorphous calcium-silicate hydrate (CSH) and calcium 
hydroxide (CH). The latter can be partially consumed in reaction with SCMs exhibiting pozzolanic activity 
(Snellings et al., 2012). Aluminate is the most reactive cement phase, and its hydration needs to be 
controlled by addition of calcium sulphate(s). Ferrite is less reactive, but it follows similar reaction paths as 
aluminate. In presence of calcium sulphate(s), hydration of aluminates leads to the formation of 
AFt (Al2O3-Fe2O3-tri) and AFm (Al2O3-Fe2O3-mono) phases, where the most common members are 
ettringite and monosulphate, respectively.  
The hydrated cementitious material is exposed to external conditions during the construction’s service life, 
during which it progressively reacts with CO2 from air. The most sensitive phase is CH which carbonates 
to calcium carbonate. At later stages of carbonation CSH decomposes to i.a. silica gel, while ettringite and 
monosulphate convert to i.a. gypsum. 
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Calcium sulphate(s) addition 
The role of calcium sulphate(s) addition to cement is covered in the book of Taylor (1997). It plays an 
important role during cement hydration and its content needs to be optimised in order to achieve 
desirable material properties. It affects the setting time, strength development and volume stability. 
Optimising each property may require different additions of calcium sulphate(s), and the optimal content 
varies also for different materials: cement paste, mortar or concrete. Adding too little calcium sulphate(s) 
yields rapid stiffening called a ‘flash set’, which induces irreversible poor strength development and 
shortens the workability period. Calcium sulphate(s) addition is governed by the amount, reactivity and 
availability of the aluminate phases, but also the reactivity of calcium sulphate, the latter being mainly 
controlled by choosing the proper proportions of calcium sulphate species (anhydrite, hemihydrate, and 
gypsum). Moreover, both calcium and sulphate ions can be also supplied from the clinker phases or from 
deliberate addition of alkali sulphate(s) or calcium langbeinite, what may reduce the required calcium 
sulphate(s) addition.  
Carbonation effect on pore solution 
The major products of ordinary Portland cement hydration are CH (20-25 wt%) and CSH (60-70 wt%) 
(Spence, 1992). Dissolution of CH controls the chemistry of pore water by its buffering capacity 
(Garrabrants et al., 2004), as its content is far higher than needed to saturate the pore solution (Anstice, 
2000). Saturated solution of CH yields a pH of 12.45 at 25°C (Taylor, 1997). However, carbonation of 
cement paste progressively removes CH, leading eventually to a drop of the pore solution’s pH to a level 
as low as 7-8 (Anstice et al., 2005; Šavija and Luković, 2016).  
Ettringite formation and stability  
The reaction of aluminate with calcium sulphate(s) occurs in two stages: initially ettringite 
(3CaO∙Al2O3∙3CaSO4∙32H2O) is formed, which then reacts further with aluminate and transforms to 
monosulphate (3CaO∙Al2O3∙CaSO4∙12H2O). Their extent depends on the ratio of calcium sulphate(s) to 
aluminate (Taylor, 1997), while the presence of calcium carbonate hampers the transformation to 
monosulphate (Kuzel and Pöllmann, 1991). While both phases are virtually insoluble, synthetic ettringite 
decomposes upon carbonation (Nishikawa et al., 1992; Xiantuo et al., 1994; Grounds et al., 1988): 
3CaO∙Al2O3∙3CaSO4∙32H2O (ettringite) + 3CO2  
 3(CaSO4∙2H2O) (gypsum) + 3CaCO3 + Al2O3∙xH2O (alumina gel) + (26-x)H2O  (Equation 1.1) 
However, a high pH stabilises ettringite - synthetic ettringite stays stable above a pH of 10.7 (Myneni et al., 
1998) - while monosulphate already decomposes below a pH of 11.6 (Gabrisová et al., 1991). Fresh 
cement paste provides a high pH of 13-14 (Taylor, 1997). Since CH mainly contributes to the high pH of 
the pore solution, its content in the cement phase determines the ettringite and monosulphate stability. 
This effect has been demonstrated for ettringite formed upon cement hydration in mortar (Brocken et al., 
2000) as well as for the synthetic mineral (Pajares et al., 2003). Nevertheless, CH is consumed upon 
carbonation leading to a pH drop below the stability threshold of ettringite and monosulphate. This also 
finds confirmation in a study on cement paste carbonation (Anstice et al., 2005), where a considerable 
increase in water soluble sulphate was found only for samples where the pore solution’s pH had dropped 
below 10.7. An increase of water soluble sulphate was also reported upon cementitious mortar 
carbonation (Brocken and Nijland, 2004; Kraus and Droll, 2009). It indicates gypsum formation upon 
ettringite and monosulphate decomposition as already reported for synthetic phases (Grounds et al., 1988; 
Nishikawa et al., 1992), but nevertheless this has not been yet demonstrated for complex cementitious 
materials.  
2.4 Solubility and dissolution of calcium sulphate 
Contrary to other salts typically present in masonry, gypsum is soluble at 0.015 mol/kg at 25°C, which 
furthermore varies only minimally in the temperature range 0–25°C. The solubility of anhydrite, on the 
other hand, is somewhat higher at 0.019 mol/kg at 25°C, decreasing strongly with increasing temperature. 
In relation to dissolution, however, the reverse holds: in identical conditions, the dissolution rate of 
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anhydrite is roughly two orders of magnitude smaller than the dissolution rate of gypsum (Jeschke and 
Dreybrodt, 2002). 
The presence of other solutes signiﬁcantly alters the solubilities of gypsum and anhydrite: unlike ions (not 
related to gypsum e.g. Na+, K+, Cl-) may increase it up to four times, whereas like ions (related to gypsum: 
Ca2+ and SO42-) decrease it (Charola et al., 2006). While the dissolution of anhydrite, and its hydration to 
gypsum, is kinetically hindered, it does accelerate in the presence of speciﬁc salts (Freyer and Voigt, 2003). 
The most effective hydration accelerators are alkali sulphates, which convert anhydrite to gypsum via an 
intermediate step of the double salt formation process (e.g. syngenite K2Ca(SO4)2·H2O or labile salt 
2Na2SO4·CaSO4·2H2O) (Conley and Bundy, 1958; Singh, 2005). The dissolved calcium sulphate is then 
transported by diffusion (movements of ions within the solution) and advection (bulk transport of 
solution), like any other salt. For exposed facade orientations the yearly wind-driven-rain load can go up to 
100’s of litres per square meter (Janssen et al., 2007), providing sufficient ‘solution’ to allow for continuous 
diffusion and advection throughout the depth of the outer brick leaf.   
2.5 Calcium sulphate crystallisation 
Calcium sulphate exhibits somewhat particular crystallisation behaviour. Typically, the location of salt 
crystallisation in a porous material is determined by the location of the drying front: drying at the surface 
is stated to result in crystallisation at the surface (efﬂorescence), while a drying front below the surface is 
said to lead to crystallisation within the material (subﬂorescence). This would lead one to expect that the 
same experimental conditions should result in the same crystallisation locations for different salts. The 
inverse is often observed in actual salt damage cases though, and this observation is further upheld by 
laboratory experiments demonstrating salt-speciﬁc crystallisation behaviour under well-deﬁned laboratory 
conditions. For instance, Cardell et al. (2008) reported that efﬂorescence develops on limestone samples 
immersed in various salts solutions and their mixtures, but not for the gypsum solution for which only a 
limited subﬂorescence was identiﬁed. Based on ﬁeld measurements, Charola et al. (2006) similarly 
concluded that gypsum tends to accumulate just below the surface for non-calcareous materials. Gypsum 
accumulation under the surface and resulting pore clogging are also currently addressed in computer 
simulation studies, which may shed more light in future on the underlying physico-chemical mechanisms 
(Todorović and Janssen, 2014, 2015). 
2.6 Recent changes in masonry materials 
Up to this point, the available knowledge offers some ﬁrst insights into the physico-chemical processes 
underlying gypsum efﬂorescence. A ﬁrst and the most important blow to the argumentation formulated 
above is that both the sources and the transports have been active in ceramic-brick-and-Portland-cement-
based masonry since its original application, which does not allow explaining the only recent occurrence of 
gypsum efﬂorescence. Moreover, the tendency of gypsum to crystallise under the surface further impairs 
the aforementioned reasoning chain. The general validity of the latter can however be questioned, due to 
limited data. Gypsum efﬂorescence has sprung up during the last three decades, what apparently coincides 
with a number of major changes in material composition and construction technology. These mainly 
concern the chemical composition of cements and the use of mortar admixtures. This section therefore 
investigates the recent changes in masonry components and construction technology, to shed further light 
on the cause of this problem. 
2.6.1 Brick composition evolution 
To the authors’ knowledge, the brick production technology in Belgium (and Europe) has not experienced 
signiﬁcant changes over the last few decades. Bowler and Winter (1996) do indeed state a similar remark 
in relation to the UK. They verify this observation with an example of old and new constructions applying 
brick types that have been in use for over 100 years. Only the recent constructions are affected by gypsum 
efﬂorescence, while the older constructions do not suffer from such staining. 
2.6.2 Mortar composition evolution 
Masonry mortar composition, on the other hand, has evolved substantially over the last three decades, 
both in Belgium and in the UK. These changes mostly relate to the quality of binder and to the use of 
admixtures. In the UK cement/lime mortars have been gradually replaced by cement/air entrainer mixes. 
The presence of lime delays ettringite carbonation (Brocken et al., 2000; Pajares et al., 2003), and such shift 
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to cement only-based mortars might therefore facilitate the release of sulphate due to mortar carbonation. 
In Belgium, cement-based mortar came into use in the 1950’s owing to the availability of very fine sand 
(‘papzand’) which was sufficient to provide the desired workability to the mortar mix. Its application did 
however lead to frost damage, whereto the introduction of plasticizers and air entrainers came as a 
solution, by allowing for using coarser sand types. Consequently the cement mortars containing 
admixtures are preferred by masons nowadays (Hendrickx, 2009). 
Cement composition 
Bowler and Winter (1996) provide a thorough analysis of the more recent changes in the British cement 
industry. They conclude that the changes in fuel composition and production technology may lead to 
increased levels of sulphate in cement clinker. Nevertheless, the sulphate content is limited by national 
standards, and an analysis of their recent changes can beneﬁt the evaluation. Bowler and Winter (1996) 
state that the sulphate level limits increased from 3% to 3.5% in the UK. It was accompanied by reducing 
and ﬁnally removing constraints for the C3A content. They hypothesize that, all in all, these changes 
might have led to a higher availability of sulphate in fresh mortar, which in turn could potentially be 
absorbed by bricks, to ﬁnally crystallise as the persistent efﬂorescence. To the knowledge of the author, 
the sulphate limits in Belgium in the last three decades have been ﬂuctuating between 3.5% and 4.5%, 
with no constraints on the C3A content for ordinary cements. A more recent trend is the addition of ﬂy 
ash to Portland cement. Its presence results in faster and deeper carbonation, due to a lower content of 
portlandite, and formation of more carbonation-prone hydrates (McPolin et al., 2009). 
Use of admixtures 
Ettringite and monosulphate decomposition cannot solely explain the recent occurrences of gypsum 
efﬂorescence in Belgium. Both cement hydrates have been present in masonry mortars as long as cement 
has been used for their preparation, and in the case of Belgium pure cement mortars have been commonly 
used since the 1950’s. Bowler and Winter (1996) thus considered the use of admixtures as one of the 
potential triggers for gypsum efﬂorescence. Gypsum efﬂorescence started to occur from the 1980’s 
onwards, which according to them coincides with the introduction of surfactant-based mortar admixtures, 
such as dedicated air entrainer and plasticizer products but also simple domestic detergents (Bowler and 
Winter, 1996, 1997). Butterworth reported already in 1957 though that air-entraining agents were 
frequently used in the UK, criticising the use of domestic detergents. In Belgium the ﬁrst reports of GE 
stem from the 1990’s, while industrial plasticizers and air entrainers were introduced in respectively the 
1970’s and 1980’s already. The use of mortar admixtures in Belgium is nowadays well appreciated, which 
sometimes leads to the use of non-ofﬁcially certiﬁed products, dosed according to the user’s experience 
(Hendrickx, 2009). 
Bowler and Winter (1997) conducted a series of wetting–drying tests on individual Fletton bricks to 
examine the inﬂuence of admixtures on gypsum efﬂorescence, including aqueous solutions of air 
entrainers and washing-up liquids. They noted that persistent efﬂorescence occurred only on the 
admixture-treated samples, contrasting with the unaffected reference samples. Since the bricks were 
known to contain elevated levels of anhydrite and the used substances did not contain soluble salts, they 
concluded that gypsum must have been derived from the bricks only. Similar results were obtained from 
experiments on masonry bins exposed to natural weathering for several years (Bowler and Sharp, 1998). 
Bowler’s experiments actually demonstrate that even anhydrite, being often considered as immobile and 
thus inert, can be activated as the source of gypsum efﬂorescence by admixtures. This generally conﬁrms 
the experience of the British brick industry, as before 1980s no cases of persistent efﬂorescence were 
reported even though bricks with high anhydrite content were commonly used (Butterworth, 1957; 
Bowler and Fisher, 1989). The composition of the tested admixtures was based on surfactants, which can 
inﬂuence the formation of efﬂorescence in a number of ways. Bowler and Winter (1997) explained their 
observations through the surfactants effect on the pore solution mobility. Surfactants accumulate at the 
liquid–gas interface, modifying the wettability by reducing the liquid-stone contact angle, in turn 
enhancing liquid capillary transport and hence efﬂorescence formation (Rodriguez-Navarro et al., 2000). 
Surfactants can also modify gypsum crystal growth, due to the preferential adsorption on crystal faces 
(Badens et al., 1999). Finally, one can also reason that the Bowler and Winter (1997) experiments indicate 
CHAPTER 2 - State of the art 
10 
 
an effect of surfactants on the dissolution and solubility of anhydrite in brick. The application of 
admixtures might therefore possibly explain the recent occurrence of gypsum efﬂorescence. 
2.6.3 Use of insulation 
Besides these internal changes in material composition and production, over the last few decades, 
modiﬁcations in the wall composition form an important external change. As reported by Bowler and 
Sharp (1998), the use of thermal insulation inside the cavity of masonry walls has signiﬁcantly increased. It 
is assumed that walls become colder and wetter, hence potentially enhancing the risk of gypsum 
efﬂorescence. On the other hand, gypsum efflorescence was found on both insulated and non-insulated 
cavity walls. The ways in which insulation may affect gypsum efﬂorescence, via impacts on the gypsum 
formation, transport and/or crystallization, remain unknown. 
2.7 Efflorescence test methods 
Efflorescence formation requires fulfilling four conditions simultaneously, which are: presence of (i) an 
efflorescence source, (ii) a porous transport medium, (iii) water, and (iv) drying. The efflorescence source 
is a water soluble compound which can supply ion components of efflorescence salts. In masonry, the 
brick and mortar play the role of being both the efflorescence source and porous transport medium. 
However, it is commonly observed that efflorescence affects mostly the brick’s surface. Water presence is 
necessary, as it serves as the medium allowing for salt dissolution, transport and precipitation. The latter 
two are induced by water evaporation at the surface, a process which is highly dependent on the drying 
conditions. Water is primarily supplied by rainfall, while the drying conditions are governed by 
temperature, humidity, and air speed at the masonry surface.  
2.7.1 Salt crystallisation tests 
The common tests used for simulating salts crystallisation in porous materials are mostly realised by 
providing a test solution to a porous material and exposing it to drying conditions. The test solution can 
be supplied to a porous material in two ways: either by its impregnation, or by continuous immersion in a 
test solution (wick test) (Steiger and Asmussen, 2008). In the former case, the sample is often subjected to 
additional cycles of impregnation and drying. Both types of tests have been widely applied in research on 
salt crystallisation (Scherer, 2004; Steiger and Asmussen, 2008) as well as specifically for assessing the 
tendency towards efflorescence. The impregnation and drying protocol was prescribed by British 
normatives, while the wick test by the US and Russian standards (Chin and Behie, 2010).  
Impregnation and drying test applied to GE 
Bowler and Winter (1997) applied an impregnation and drying test based on a British normative (Chin and 
Behie, 2010), where a brick impregnated with water was sealed from all sides with the exception of the 
stretcher, to dry under room conditions. Each brick was subjected to several cycles of drying and water 
impregnation, for a duration of one year at least. The effect of admixtures was investigated by adding 
them to the water used for the first impregnation episode. In parallel, field tests were realised on masonry 
wallettes, but these took more than 2.5 years, and required much space and labour (Bowler and Winter, 
1997; Bowler and Sharp, 1998).  
Wick test applied to GE 
The wick test setup (Figure ‎2.1) is based on an experimental concept wherein a porous transport medium 
(here a brick sample) stays in contact with a test solution. The exemplary setup consists of a container 
closed with a lid, the latter is perforated and sealed with the brick sample by an adhesive. During the test, 
the medium is uninterruptedly impregnated with the test solution, while evaporation takes place only over 
the exposed medium’s surfaces, promoting continuous efflorescence formation. Wick test variations have 
been widely applied to the research of damage upon salt crystallisation (Goudie, 1986; Rodriguez-Navarro 
and Doehne, 1999; Scherer, 2004; Steiger and Asmussen, 2008) and efflorescence formation (ASTM C67-
07, 2007; Sanders and Brosnan, 2010; Eloukabi et al., 2013).  
Franke and Grabau (1994, 1998) have applied a wick test setup to study gypsum crystallisation on a 
historic brick sample. In their study, the container served as a reservoir of water or efflorescence source in 
form of a salt solution. This approach solved a shortcoming of Bowler and Winter’s (1997) setup, as it 
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allowed for separating the transport medium from the efflorescence source. Besides applying it to a salt 
solution, the wick test design can be also conveniently adjusted for testing solid efflorescence sources. 
Sanders and Brosnan (2010) used a similar test setup as Franke and Grabau (1994, 1998), but applied it for 
evaluating bedding materials as potential efflorescence sources on paver bricks. Crushed bedding material 
topped up with water served as the test solution, while a paver brick staying in touch with the test solution 
played a role of the transport medium. The latter did not yield efflorescence when tested alone and hence 
did not interfere with the test result. The leached salts accumulated on the brick sample surface, indicating 
the propensity towards efflorescence of the tested bedding material.  
 
Figure ‎2.1 An example of a wick test setup. 
2.7.2 Long duration of the impregnation and drying test 
GE formation under field conditions is reported to take a couple of years. It is also reflected in the 
duration of efflorescence tests, which took a year or a couple of years to develop GE for the impregnation 
and drying tests on bricks and field tests on masonry wallettes, respectively (Bowler and Winter, 1997; 
Bowler and Sharp, 1998).  
The long duration is likely the result of (i) the low solubility of calcium sulphate compared to the common 
efflorescing salts (e.g. sodium sulphate and chloride), (ii) the interrupted nature of the Bowler’s 
impregnation and drying test procedure, (iii) the slow drying conditions (laboratory room or field climate), 
and (iv) the delayed formation of GE source in a cement paste. Because of the first, more water is 
required for sufficient GE source dissolution and in consequence more time for the drying process 
yielding gypsum accumulation at the sample surface. 
2.8 Discussion 
Both brick and mortar may be the source of gypsum efﬂorescence. The source is either in the form of 
anhydrite contained within the brick or can be formed via carbonation of the mortar joint. For the former, 
anhydrite as the source of gypsum efﬂorescence is questionable, since it is characterised by an 
exceptionally low dissolution rate. The carbonation of mortar, on the other hand, does not seem to be a 
limiting factor and actually supports the observed delay in gypsum efﬂorescence. Gypsum efﬂorescence 
then proceeds through the processes of dissolution inside the masonry and transport to the surface of the 
masonry, the former induced by moisture ingress supplied by wind-driven rain, the latter resulting from 
moisture drainage by surface evaporation.  
These processes can be simulated by impregnation and drying tests, and by wick test procedures. The 
impregnation and drying test procedure applied by Bowler and Winter (1997) suffered from numerous 
disadvantages, though. Firstly, a transport medium and efflorescence source were combined both in the 
same brick, which did not allow assessing their impact separately. Secondly, the test was not suitable for 
testing masonry mortar. Finally, the test duration of (at least) 1 year was far too long for practical 
applications. Each of these shortcomings can be addressed by adjusting the wick test protocol. 
Wick test design enables testing separately masonry components (mortar constituents and brick) against 
GE risk, by virtue of separating the transport medium (brick core) from the test solution (e.g. mortar 
component with water), similarly as done by Sanders and Brosnan (2010) for the bedding material 
evaluation.  
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Efflorescence tests have been previously applied to testing cement mortars as e.g. test wallettes 
components (Bettzieche, 1994; de Bueger et al., 2005). Nevertheless, GE is a recent problem and 
carbonated cement paste has not been yet addressed in an efflorescence test protocol. The carbonated 
sample can be prepared beforehand and then subjected to a wick test by inserting it into the test container 
together with water (both forming the test solution), what is further addressed in Chapter 7.  
Acceleration of the test duration can be addressed in multiple ways at the same time. First, the wick test 
protocol promotes uninterrupted efflorescence growth making thus the test more efficient. Second, the 
test setups can be exposed to the climate conditions accelerating the drying process, by increasing 
temperature, decreasing humidity or enhancing air circulation over the drying surface. Last, gypsum 
formation in cement paste is delayed, as it requires its substantial carbonation. Full carbonation of 
masonry joint made of cement mortar is reported to take 2 years (Brocken et al., 2000), hence carbonation 
of test wallettes under ordinary conditions would be too long for practical applications. It requires hence 
accelerating the carbonation process by e.g. reducing the sample size and optimizing the carbonation 
conditions (Section 3.2) while a powdered sample can be conveniently tested using the wick test setup. On 
the downside, the separation of carbonated mortar (or cement paste) from the brick sample does not 
account for the effect of the interfacial zone formed between the brick and mortar. 
2.9   Summary 
Gypsum efflorescence is a recent phenomenon affecting masonry components. Its mechanism may 
seemingly appear simple, as it involves source dissolution, transport and crystallisation, processes which 
are considered well understood for the other common efflorescing salts. However, this impression proves 
superficial, as the available data reveals a complex interplay of the underlying processes as well as crucial 
knowledge gaps related to the mechanism of GE formation. While research dedicated to gypsum 
efﬂorescence in particular is limited, a literature review of publications related to the sources, transport 
and crystallisation of gypsum has offered a number of insights. 
Both masonry components can serve as a gypsum source: anhydrite can be found in considerable amount 
in bricks, while according to a recent hypothesis gypsum may be formed upon mortar joint carbonation. 
Although the low solubility of calcium sulphate(s) does not appear sufficient to hinder substantially GE 
formation, the literature review did reveal some puzzling bottlenecks. The processes related to the 
dissolution, transport and crystallisation should be equally feasible in the older spotless masonry, what 
contrasts with gypsum efflorescence affecting constructions erected exclusively within the last three 
decades only. What is more, the apparent propensity of gypsum for subsurface accumulation adds to the 
GE intricacy. The analysis of the recent changes in masonry components quality reveals some fluctuations 
in the sulphate levels in cement and a considerably new and currently common practice of mortar 
admixture application. Nonetheless, many of the inferences articulated above remain hypothetical, which 
led to initiation of this research project. Its main aim is to design an experimental method allowing for 
reproducing gypsum efﬂorescence formation under laboratory conditions. The method may be based on 
the existing wick test design commonly used for salts crystallisation tests. However, the standard 
procedures do not appear adequate for practical application due to the too long duration of the test and its 
non-versatile nature. A wick test setup design can be possibly easily adjusted for both accelerating the test 
and addressing different research questions. A validated method could be adapted for evaluating brick and 
carbonated mortar as an efﬂorescence source, addressing the effect of brick moisture properties, and 
investigating the effect of admixtures or other parameters.  
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3 Methodology 
3.1 Introduction 
This chapter addresses technical aspects of this research project: from sample preparation, over storage 
conditions, to the measurement settings and a strategy for data analysis. Section 3.2 discusses different 
aspects related to the preparation of carbonated cement paste, while brick sample preparation is explained 
in the subsequent Section 3.3. Various techniques were used to analyse mineral composition of cement 
and efflorescence samples, and these are described in Section 3.4. These were often complemented by 
chemical analysis, and the employed techniques are presented in Section 3.5. Sections 3.6.1 and 3.6.2 
address the characterisation of brick moisture properties, while the surface tension measurements were 
determined according to the procedure explained in Section 3.6.3. Note that this chapter does not 
comprise the efflorescence test methodology, which is treated in Chapters 6 and 7.  
3.2 Cement paste carbonation 
3.2.1 Preparation and carbonation 
Cement paste was prepared with a water-cement ratio w/c = 0.5. First, cement powder and water were 
mixed with a spatula until a uniform paste was obtained. This was then further mixed with a Hobart N50 
mixer equipped with a wire whip in the following order: 1min at speed 1 (136 RPM), 30s at speed 2 (281 
RPM), scraping the sides and mixing with a spatula for 1min, and final mixing at speed 2 for 1min. Next, 
the cement paste was cast into plastic moulds (0.5L), closed with a lid and additionally sealed with tape. 
Curing was carried out during 28 days at 20°C and 90% relative humidity (RH).  
Once the samples were demoulded, the samples were crushed to a coarse powder and exposed to 
conditions favourable for carbonation. The hardened cement paste was first crushed in a jaw crusher and 
then the powder fraction of 0.5-2mm (Chapter 7) or 2-4mm (Chapter 5) was separated by sieving with a 
Vibratory Sieve Shaker AS 200, set at amplitude of 4mm and duration of 10min. The optimal RH range 
for carbonation lies within 50-70% (Hewlett, 2004), while increasing CO2 concentration over 5% does not 
increase further the effectiveness of carbonation (Parrott, 1987). The selected fraction was spread on flat 
plastic dishes and placed in a carbonation cabinet Sanyo MCO-17AIC, set at 25°C and 5% CO2. The 
humidity was controlled by a NaBr salt solution (RH of approx. 53% after equilibration). The temperature 
and relative humidity in the cabinet were additionally recorded by a HOBO Pro v2 Data Logger. 
3.2.2 Sampling during carbonation 
To monitor the carbonation progress, 10g samples were taken from the carbonating cement paste powder. 
This allows for averaging the carbonation progress on approximately 510 grains (deduced from the 
average number of 51 grains counted in 5 subsamples, each weighing 1g). The sample was subsequently 
ground with mortar and pestle, until the whole sample passed through a 500µm sieve. For each 
characterisation technique a specific sample preparation procedure was further followed, see Sections 
3.4.2, 3.4.3, and 3.5.1. 
3.2.3 Storage conditions 
All cement paste samples were stored, until further sample preparation or analysis, in a desiccator under 
conditions adapted for arresting carbonation. It was achieved by providing low RH conditions (CaCl2 salt 
solution, 35% RH) and by CO2 removal (soda-lime CO2-scrubber) from the desiccator. The former was 
chosen as it has been reported to prevent ettringite dehydration (Renaudin et al., 2010).  
3.2.4 Normalisation to dry mass 
The hydrated and carbonated cement pastes were characterised by means of mineralogical (Sections 3.4.2 
and 3.4.3) and chemical (Section 3.5.1) analyses, while the results were normalised to anhydrous cement 
(g or mmol/100g anhydrous). No dedicated free water removal procedure was applied to the samples, 
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normalisation of the component’s content to dry mass was based on the known w/c ratio (Snellings, 
2016): 
Wj,rescaled(n) = Wj,measured(n) ∙ (1+w/c)  (Equation ‎3.1), 
where Wj(n) corresponds to the content of the component j after n-days of carbonation.  
3.3 Brick sampling and crushing 
The brick sampling and crushing methodology was adapted from the BS 3921:1985 normative (BS 
3921:1985, 1985). First, six bricks were selected from different locations in a brick palette. Next, bricks 
were crushed with a jaw crusher to a powder fraction of <1cm. A representative 1kg subsample was 
subsequently taken by coning and quartering, which was further ground with a mortar and pestle to pass a 
500µm sieve. The sample could be used both for the efflorescence test (Section 7.2.2) and for the leaching 
test (Section 3.5.1). 
3.4 Mineralogy 
3.4.1 Qualitative X-ray powder diffraction 
Qualitative X-ray powder diffraction (XRD) was applied for identifying salt deposits formed on bricks 
investigated during the field survey and on samples subjected to the efflorescence test.  
Sampling 
Salt deposits were gently scraped from bricks (field survey) and samples (efflorescence test). For the 
former this was done on higher parts of the facades (above the 1.5 m height line), to exclude cases of salt 
accumulation due to rising damp.  
Sample preparation 
The collected samples were initially gently ground and then sieved through a 63 µm sieve, to separate the 
salt deposit from sand grains inadvertently removed from the brick surfaces together with efﬂorescence. 
The efflorescence enriched fraction was ground further, and then sprinkled over a silicon sample holder. 
Measurement & data analysis 
The diffraction patterns were gathered with a Philips PW1830 diffractometer using CuKα radiation 
(45kV, 30mA).  Table ‎3.1 shows the diffractometer settings: a long scan (57 min) was applied for the field 
survey samples, while for the efflorescence test its duration (6 min) was optimised for gypsum and calcite 
identification. The mineral phases were identified with the Diffrac.Suite Eva software. 
Table ‎3.1 The diffractometer settings applied to efflorescence identification. 
 Angle range [°] Step size [°] Time / step [s] Scan time [min] 
Field survey 5-70 0.02 1 57 
Efflorescence test 10-40 0.04 0.5 6 
 
3.4.2 Quantitative phase analysis 
Quantitative phase analysis (QPA) was applied to study the mineralogical evolution of carbonating cement 
paste. The sample preparation and quantitative analysis strategy were partly adapted from the works of 
Mertens (2009) and Snellings (2016). 
Sample preparation 
The cement paste powder (2.7g < 500µm) was manually mixed with a ZnO internal standard (0.3g). The 
mixed powder was then ground in a McCrone XRD-mill during 5min. Isopropanol (5mL) was used as a 
grinding medium, to preserve the sample’s microstructure and composition (Zhang and Scherer, 2011). 
After grinding, the fine powder was recuperated by flushing with isopropanol. In order to limit the risk of 
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carbonation during drying, the suspension was first centrifuged at 4000RPM during 20 min in a Jouan C3i 
centrifuge. Finally, the separated wet powder paste was dried to a constant mass at 30°C in presence of 
CaCl2 desiccant and soda-lime CO2-scrubber for approximately 20min. The anhydrous cement samples 
were prepared following the same procedure, but the ZnO was added at 20wt% and milling duration was 
extended to 10min. 
Measurement 
The dry powder sample was first disintegrated by gentle grinding and sieving through a 250µm sieve. The 
powder was then side-loaded into a sample holder. The diffraction patterns were collected with a Philips 
PW1830 diffractometer using CuKα radiation (45kV, 30mA). The standard 2θ scan range were taken to 
be 5–70° with a step size of 0.02° 2θ and a counting time of 2s.  
Quantification strategy 
The phases were first identified with the Diffrac.Suite Eva software. The Rietveld quantification was then 
performed with TOPAS® Academic (TA) software using the Fundamental Parameters Approach. 
Table ‎3.2 lists the mineral structures used for refinements.  
Table ‎3.2 List of mineral structures used for refinements. 
Mineral Reference PDF number* 
α-quartz (Le Page and Donnay, 1976) 46-1045 
Alite M3 (de Noirfontaine et al., 2011) - 
Anhydrite (Cheng and Zussman, 1963) 37-1496 
Aragonite (Caspi et al., 2005) 01-073-3251 
Belite β (Mumme et al., 1995) 33-302 
C3A orthorhombic (Nishi and Takéuchi, 1975) 01-070-0859 
Calcite (Maslen et al., 1993) 5-586 
Ettringite (Goetz-Neunhoeffer and Neubauer, 2006) 41-1451 
Ferrite (Redhammer et al., 2004) 01-074-3672 
Gypsum (Boeyens and Ichharam, 2002) 33-311 
Hemicarboaluminate (Runčevski et al., 2012) 41-0221 
Monocarboaluminate (François et al., 1998) 01-087-0493 
Monosulphate (Allman, 1977) 01-083-1289 
Portlandite (CH) (Chaix-Pluchery et al., 1987) 4-733 
Zincite - 361451 
Vaterite (Kamhi, 1963) 33-628 
* Powder Diffraction File (PDF) number is a unique identification reference for a powder 
diffraction pattern of a mineral phase 
The structural parameter variation was constrained to ±1%. The structural and peak shape parameters of 
anhydrous cement phases were refined for the anhydrous cement samples and kept fixed in the analysis of 
the cement paste. The same strategy was followed for the phases detected in the non-carbonated and fully 
carbonated cement paste. The refined global parameters were the specimen displacement and the 
background polynomial function combined with a 1/x term. The two-coefficient-Chebyshev function was 
applied for the anhydrous cement, while three terms were used for the hydrated and carbonated cement 
paste samples. The March-Dollase preferred orientation correction (Dollase, 1986) was applied to 
anhydrite and CH phases. 
3.4.3 Thermogravimetric analysis 
The cement paste powder (± 50mg, < 500µm) was further ground with mortar and pestle until all coarse 
grains were crushed. Thermogravimetric (TG) analyses were performed with Netzsch STA 409 PC Luxx® 
over the range of 25–1000°C at a heating rate of 10°C/min. The subsamples (10mg) were measured in 
alumina crucibles under an inert atmosphere of N2 at a flow rate of 60 ml/min. CH content was 
determined by integration of its DTG (first TG derivative) peak. A DTG peak at around 100°C is a result 
of overlapping CSH dehydration and a loss of water from between columns in the ettringite structure 
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(Lothenbach et al., 2016). Grounds et al. (1988) have demonstrated on a study of synthetic ettringite that 
the loss of this structural water is indicative of structure decomposition, as it goes along with a formation 
of ettringite decomposition products. Due to the overlapping, ettringite amount quantification was not 
possible, but it was nevertheless possible to estimate it qualitatively. It was realised by visual analysis of 
DTG curves, by their comparison with samples showing maximal (non-carbonated cement paste) and 
minimal (sample subjected to the longest carbonation duration) ettringite content.  
3.4.4 Hydrochloric acid test 
A drop of 1M hydrochloric acid (HCl) was placed on efflorescence covering the brick sample surface. 
In case calcite was present in efflorescence, a reaction took place: 
CaCO3 + 2HCl  Ca2+ + 2Cl- + H2O + CO2↑  (Equation ‎3.2) 
The released CO2 bubbles signalled the presence of calcite.  
3.5 Chemistry 
3.5.1 Leaching test 
A < 500µm powder sample (5g for cement paste, 50g for brick powder) was gently mixed with 100g of 
ultra-pure water (>18 MW/cm3) supplied from Millipore and sealed in a plastic container. After seven 
days the powder was gently mixed with solution and left to rest for 10min, and subsequently 3.5ml of 
solution was taken and filtered with the Chromafil® PET-45/25 filter (pore size: 0.45µm). The samples 
were acidified with 70µl of 14M HNO3 and stored in a fridge until testing. The Ca, K, Na, Mg and S (later 
recalculated to SO4) were measured by Elvira Vassilieva (KUL, Division of Geology) with a Varian 720 
ES (simultaneous inductively coupled plasma–optical emission spectrometry (ICP-OES) with axially 
viewed plasma) supplied with double-pass glass cyclonic spray chamber, concentric glass nebulizer 
SeaSpray and “high solids” torch. The instrument features a Cooled Cone Interface, echelle 
monochromator and custom-designed Vistachip CCD detector mounted on a triple-stage Peltier device 
and cooled to -35°C. The instrument provides true simultaneous measurements and full wavelength 
coverage from 167 to 785 nm, given its ability to determination of a series of elements from one single 
run. Solutions were presented to the spectrometer using the Varian SPS3 Sample Preparation System. 
Calibration solutions were prepared from certified Plasma HIQU single element solutions CHEM-LAB 
(Belgium). One stock solution containing all elements to be measured was prepared and then diluted to 
create a series of five standards with the concentrations covering the range of the samples. A blank was 
also included in the calibration. All solutions were made from ultra-pure water (Millipore) and stabilized 
with ultra-pure grade nitric acid. The final concentration of acid was matched to the one of the sample 
solutions. Sensitivity, linear dynamic range and freedom from spectral interferences were taken into 
consideration during wavelength selection for each element.  
3.5.2 Wavelength-dispersive X-ray fluorescence spectrometry 
Anhydrous cement powders were subjected to the wavelength-dispersive X-ray fluorescence spectrometry 
(WD-XRF) analysis. The cement samples were in form of a fine powder completely passing through a 
sieve of < 80µm and thus did not require further grinding. The samples were measured with an automatic 
sequential wavelength dispersive XRF spectrometer Philips PW 2400 in a semi-quantitative way with 
Super-Q software. The equipment was supplied with a high frequency HT generator (60 kV, 125 mA, 
3000 W max., 0.0005 % stability), super sharp end window X-ray tube (60 kV, 125 mA, 3000 W max., 
Rhodium anode), eight analysing crystals (LiF 200, LiF 220, PE 002, Ge 111, PX1 multilayer, PX2 
multilayer, PX4 multilayer, TlAP 100 coated), scintillation counter (0° to 104° 2theta, 1000 KCPS max.), 
and goniometer (theta/2theta decoupled). The standard error was an estimated error and was the largest 
of following errors: (1) the counting statistical error, (2) the background and line overlap correction error 
and (3) the matrix correction error. The analyses were realised by Pieter L'hoëst at the Department of 
Materials Engineering at KU Leuven.  
3.5.3 Scanning Electron Microscopy and Energy Dispersive X-ray analysis 
A brick sample was mounted on a sample holder with a carbon glue and dried under vacuum overnight. 
The samples were coated with Pd-Au in an EDWARDS S150 coater. The measurement was realised with 
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a FEI XL30 FEG scanning electron microscope (Schottky gun) equipped with an Energy Dispersive 
X-ray detector (SEM-EDS) at the Department of Materials Engineering (MTM) of KU Leuven. The 
images were collected at accelerating voltage in a range of 10-15kV (see the SEM pictures for exact 
values). The EDS spectra of selected points were collected at a working distance of 10mm and 
accelerating voltage of 25kV and analysed with Genesis 4.61 software in a semi-quantitative manner, 
applying correction for atomic number, absorption, and fluorescence (ZAF correction). 
3.6 Physical properties 
3.6.1 Vacuum saturation 
Sample preparation 
Ten brick samples were cut from five bricks, randomly selected from a pallet. First, all the brick sides 
(approx. 5mm thick) were removed from the bricks. Next, two 1cm thick samples were cut with a wet saw 
from each brick. The samples were then oven-dried at 105 °C until constant mass. 
Test procedure 
The dried samples were first weighed (mdry). The samples were then placed in a tightly closed desiccator 
connected to a vacuum pump, and depressurised to a level of ≤ 270 mbar. Next, the desiccator was filled 
with distilled water at a flow rate of 5cm/h, until water reached a level of 5cm above the samples. The 
desiccator was then pressurised back to the standard air pressure level. The samples were left immersed in 
water for another 24 hours. The samples were then removed from water and immediately weighed in air 
(mwet) and under water (munder). The vacuum water content (wsat) was then calculated according to: 
 
    
         
           
       
 (Equation ‎3.3), 
where        is the density of water. 
The experiment was realised at the Civil Engineering Department, Building Physics Section, KU Leuven, 
under guidance of Jelena Todorovic. 
3.6.2 Free water uptake 
Sample preparation 
Ten brick samples were cut from five bricks, randomly selected from a pallet of bricks. First, all the brick 
sides (approx. 5mm thick) were removed from the bricks. Next, the bricks were cut with a wet saw into 
three equal samples, out of which two were selected. The samples were then oven-dried at 105 °C until 
constant mass.  
Test procedure 
The dry samples were first weighed (mdry) and measured to determine the bottom surface area (A) and 
height (H). The test was realised by placing samples in a dish filled with water and submerging them to a 
depth of up to 5mm. The sample’s orientation was chosen to be perpendicular to the brick’s stretcher 
side. The lateral and top sides of the brick were sealed with a plastic film, to limit the water evaporation 
during the experiment. The plastic film was perforated at the top to allow air to escape from the pores 
upon water uptake. The water uptake was monitored by weighing the samples (mwet) at regular time 
intervals. The water inflow G was determined from: 
 ( )  
    ( )     
 
 (Equation ‎3.4), 
and plotted against square root of time, see Figure ‎3.1. Typically the plot consists of two well defined 
phases. Their intercept allows determining the capillary water content (wcap), while the slope of the first 
stage corresponds to the capillary absorption coefficient (Acap).  
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Figure ‎3.1 Analysis of the water inflow in function of time.  
The experiment was realised at the Civil Engineering Department, Building Physics Section, KU Leuven, 
under guidance of Jelena Todorovic. 
3.6.3 Surface tension 
The interfacial tension of the solutions was measured with the pendant drop method using a CAM 200 
tensiometer from KSV. Ten images per drop were captured every 30 seconds by a CCD firewire camera 
(512x480) with telecentric zoom optics combined with LED based background lightning. The interfacial 
tension was derived by analysing the shape of the drop and by fitting the shape of the drop with the 
Young-Laplace equation. The measurements were realised at the Department of Chemical Engineering, 
Soft Matter, Rheology and Technology Section, KU Leuven, under guidance of Rob Van Hooghten. 
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4 Field Survey on persistent efﬂorescence 
4.1 Introduction 
Persistent efﬂorescence – stains of slightly soluble salts that do not wash off naturally – is a growing 
problem in the construction industry. Besides the occurrence in the UK and the Netherlands (Bowler and 
Winter, 1996; Brocken and Nijland, 2004), the Belgian brick producers are receiving progressively more 
complaints, as building owners blame their products for the ﬂaw. In the opinion of the Belgian brick 
producers, persistent efﬂorescence occurs more frequently, develops quicker than before, and gets more 
pronounced over time. However, the Belgian cases have not been yet addressed by a systematic study and 
hence little is known about their nature, which leaves the brick manufacturers helpless in preventing GE 
formation. In particular the composition of efflorescence, its visual aspect and the characteristics of 
masonry components in use are of interest, as these can already indicate the mechanism of efflorescence 
formation, its sources and also indicate the contribution of brick and mortar. These together constitute a 
departure point for the next steps of this research project. 
In order to contribute to the knowledge on this issue a ﬁeld survey was carried out, to determine the 
major factors associated with its occurrence. In this survey, 28 cases of Belgian buildings affected by 
persistent efﬂorescence were analysed. Some of these cases were identiﬁed from the complaints of 
building owners to brick producers, other cases were found during an exploration of the Leuven area in 
Belgium by the researcher. 
4.2 General observations on persistent efﬂorescence 
The investigated cases concern a type of permanent efﬂorescence, which after having developed on a 
masonry surface does not wash off with natural weathering. In two cases the building facades had been 
cleaned with high-pressure water jets, which removed the efﬂorescence stains temporarily, but did not 
restore the facades’ original appearance. In both cases efﬂorescence has reappeared, indicating that the 
efﬂorescence source is not affected by the treatment. The observed persistent efﬂorescences came in 
different appearances, ranging from a seemingly thin whitish veil present within the porous surface of a 
material to a locally developed thicker crust on top of the material’s surface (Figure ‎4.1). However, upon 
closer inspection the former often revealed to be composed of characteristic local accumulations as well 
(Table ‎4.1). In any case, it greatly alters the aesthetic aspect of the masonry façade. In contrast to early 
efﬂorescences of easily soluble salts, often being soft and thick, these persistent efﬂorescences gave the 
impression of being very compact and strongly adhering to the brick surface, while simultaneously 
generally being very thin. In most cases the efﬂorescence affected the bricks to a much greater extent than 
the mortar joints. 
 
Figure ‎4.1  Efﬂorescence develops preferentially on (A), (B) facades and (C) edges which are exposed to an 
intensiﬁed action of rain and wind. The capital letters indicate orientation of the facades: S – south, 
W - west, E – east. 
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Table ‎4.1  The photographs of GE cases identified during the field survey. Cases are identified by their field survey 
codes. 
FS10 FS23 FS24 FS29 
    
    
The investigated building facades were all constructed with mechanically produced ‘hand’ moulded clay 
bricks, which are most commonly used for facade masonry in Belgium. In all cases, the most affected 
facades of the building were those oriented West to South, with efﬂorescence being most pronounced on 
the edges and the upper parts of the facade, facade orientations and locations that typically receive 
relatively frequent and intensive wind-driven rain. 
The year of construction was identified for 15 of the 28 cases, and ranged from 1997 to 2007. The other 
cases were probably constructed in a similar period, as they had an equally modern appearance. None of 
the 28 studied cases hence concerns older constructions, and the problem thus appears to exclusively 
affect buildings erected during approximately the last two decades. Based on observations by building 
owners, it is moreover noted that the efﬂorescence does not appear directly after construction but is 
instead perceived only several years after construction. However, as these observations of such delays are 
based on visual assessments, it is not clear whether persistent efﬂorescence indeed develops with a delay, 
or whether it is just a very slow process that goes unnoticed in its early stages. 
4.3 Mineralogy analysis of persistent efﬂorescence 
To determine the efﬂorescence composition, efﬂorescence samples were collected and analysed by 
qualitative XRD (Section 3.4.1), revealing four primary categories in the studied persistent efﬂorescence 
cases. Table ‎4.2 presents the results of sample analyses and case evaluations. Out of the four identiﬁed 
minerals – gypsum, calcite, hematite and quartz – only the former two are potential persistent 
efﬂorescence components. As sampling involved surface scraping, hematite and quartz were inadvertently 
collected together with the efflorescence products. In most cases where gypsum was identiﬁed in a 
sample, it was present in a substantial amount compared to the other identiﬁed minerals. As it is not a raw 
brick component, it is clear that its accumulation at the surface of masonry is due to the efﬂorescence 
formation. Unlike for gypsum, the origin of calcite is uncertain, since there are several possible sources of 
calcite at the brick surface. Besides being recognised as a potential efﬂorescence forming mineral (Dow 
and Glasser, 2003), calcite also naturally occurs in clays, and is moreover applied as a clay mix and brick 
sanding component. In most cases where calcite was identiﬁed in a sample, it was present in very low 
amounts, and its origin can therefore not be unambiguously determined. Hematite is a mineral which 
naturally occurs in clay and is also used as a brick pigment. The evaluation of XRD scans was hindered by 
the presence of quartz, which produces very intense and overlapping peaks.  
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Table ‎4.2  Evaluation of the scraping samples collected from the investigated constructions. For each identiﬁed 
mineral: G – gypsum, C – calcite, H – hematite and Q – quartz its relative content is approximated: +++ 
dominantly present, ++ present, + present in low amounts, ? possibly present, - not identiﬁed. Each case 
is categorised as gypsum (G), calcite (C), mixed (G+C) or ambiguous (A) efﬂorescence. 
Case n° 
Composition (XRD) Case 
evaluation 
Case n° 
Composition (XRD) Case 
evaluation G C H Q G C H Q 
FS01 ++ + - +++ G FS23 +++ + - + G 
FS02 
- + - +++ 
A 
FS24 +++ + - + G 
- - - +++ 
FS25 
- + + +++ 
A 
FS03 
+ + - +++ 
G 
- + - +++ 
+++ + - - 
FS26 
- +++ - +++ 
G+C 
FS07 - + - +++ A +++ - - ++ 
FS08 ++ + - +++ G FS27 +++ + + ++ G 
FS10 +++ ? - + + G 
FS28 
- ++ + +++ 
G+C 
FS11 + ++ - +++ A +++ + - +++ 
FS13 - ++ - +++ A 
FS29 
+++ ? - +++ 
G 
FS14 - + - +++ A +++ ? - ++ 
FS16 +++ +++ + +++ G+C FS30 +++ ? - + G 
FS17 - + - +++ A 
FS31 
+ + - +++ 
A 
FS18 +++ + - +++ G - ++ + +++ 
FS19 +++ + - +++ G 
FS32 
+ ++ - +++ 
G+C 
FS20 +++ + - + G +++ + - +++ 
FS21 +++ ? - +++ G FS33 + + - +++ A 
FS22 + ++ - +++ C FS34 ++ ++ + +++ G+C 
Based on the sample mineral composition and visual observations, the investigated cases are divided into 
four efﬂorescence categories (Table ‎4.2). There are 13 cases categorised as gypsum efﬂorescence (G), 
where only gypsum was identiﬁed in substantial amounts in the collected samples. Only one case is 
assigned to the calcite efﬂorescence category (C), in which substantial amounts of calcite were 
accompanied by (very) low amounts of gypsum. The mixed efﬂorescence (G+C) category comprises five 
cases where both gypsum and calcite were identiﬁed in substantial amounts, and here we distinguish three 
further groups. The ﬁrst group comprises two cases where the collected sample contains substantial 
amounts of both gypsum and calcite (FS16, FS34). The second group consists of two cases for which one 
of the collected samples was identiﬁed as gypsum efﬂorescence, while the sample collected from another 
area was identiﬁed as calcite efﬂorescence (FS28, FS32). In the last group we discern a single case, for 
which most of the building facades were affected with characteristic ‘‘lime leach’’ stains, accompanied by 
some areas covered with hazy gypsum efﬂorescence (FS26). For nine cases the evaluation of samples is 
inconclusive, and they are assigned to the ambiguous (A) category. For these cases the origin of calcite in 
the efﬂorescence is uncertain, because of its very low amount in the sample or the use of sand/lime 
sanding in the brick; in three cases gypsum was found, but in very low amounts. Another possibility could 
be that efflorescence was in an amorphous form which cannot be identified with the XRD method. 
4.4 Brick properties and persistent efﬂorescence 
In many cases the applied brick type was identiﬁed, which permits analysis of the relation between brick 
properties and persistent efﬂorescence. However, it was not possible to acquire data for the exact batches 
of bricks used for construction of the investigated buildings. We have thus used the available technical 
speciﬁcations declared by brick producers. 
4.4.1 Physical properties 
The brick technical speciﬁcations were available for 15 cases, yielding data about cold water absorption 
and initial rate of absorption (IRA). The values declared by producers were determined according to the 
EN 771-1 (2011) and EN 772-11 (2000) standards, respectively. They are represented in Figure ‎4.2, 
grouped along the speciﬁc efﬂorescence composition found for these 15 cases. This data analysis serves to 
check whether a correlation exists between the GE risk and the hygric properties, as reﬂected by IRA and 
CHAPTER 4 - Field Survey on persistent efﬂorescence 
22 
 
cold water absorption, respectively. The IRA and water absorption values found for gypsum efﬂorescence 
cases are not limited to a speciﬁc range, but are rather spread over average values found for this brick 
type. 
                    
Figure ‎4.2  Water absorption and the initial rate of absorption (IRA) of the identiﬁed brick types. The 
efﬂorescence categories are indicated above the graph: G – gypsum efﬂorescence, G+C – gypsum and 
calcite efﬂorescence, A – ambiguous cases. 
4.4.2 Chemical properties 
Bricks may contain calcium sulphate in the form of anhydrite, which potentially can be a source of 
gypsum efﬂorescence. For some of the identiﬁed brick types data regarding the SO42- content was 
available, as declared by the brick producers based on EN 772-5 (2002) (Table ‎4.3). Those data are used 
here to estimate the amount of gypsum which could be possibly derived from the water soluble sulphate 
(originating from anhydrite and possibly alkali sulphate(s)), assuming that all the extracted and 
recrystallised to gypsum.  
Table ‎4.3 Chemical characteristics of the identified brick types. 
 Case n° Group 
SO4
2-
 content 
[wt%] 
Gypsum/brick 
[g] 
 Case n° Group 
SO4
2-
 content 
[wt%] 
Gypsum/brick 
[g] 
 FS10 G 0.248 
 
 
 
7.25  FS07 A 0.014 
 
 
 
0.43 
 FS11 A 0.172 
 
 
 
5.18  FS14 A 0.014 
 
 
 
0.43 
 FS13 A 0.056 
 
 
 
1.64  FS34 G+C 0.014 
 
 
 
0.43 
 FS29 G 0.044 
 
 
 
1.27  FS28 G+C 0.006 
 
 
 
0.17 
 FS18 G 0.020 
 
 
 
0.58  
4.5 Discussion 
The ﬁeld study allows concluding that the persistent character of the analysed efﬂorescence cases can 
often be primarily attributed to slightly soluble gypsum. This agrees with the ﬁndings reported for the UK 
and the Netherlands, like most of the other outcomes of our ﬁeld survey – visual appearance, recent 
occurrence, newly erected buildings, exposure to wind-driven rain. Of these, the grey-white visual 
appearance and the role of wind-driven rain render this gypsum efﬂorescence different from the gypsum 
weathering crusts often found on calcareous stones. These crusts are commonly black, frequently develop 
on sheltered sections, and are known to be formed via interaction with polluted air (Steiger et al., 2011). 
These differences between the observed gypsum efﬂorescences and the gypsum weathering crusts 
corroborate that the gypsum efﬂorescence components are probably derived from the brick masonry 
itself: the grey-white appearance precludes interaction with polluted air, and the role of moisture transfer 
suggests sources inside the masonry. 
The physico-chemical analysis provides more insight into the contribution of the bricks to the gypsum 
efﬂorescence. The cold water absorption and initial rate of absorption values obtained for the bricks in 
our efﬂorescence cases cover the range commonly found for this brick type. These physical parameters 
therefore do not seem to control the efﬂorescence. Instead, it appears that the exposure to wind-driven 
rain, rather than the moisture transfer properties itself, is a dominant factor. Furthermore, the ﬁeld survey 
indicates that even small amounts of gypsum may create distinct discolorations of the brick surface. The 
chemical analysis tells that such small amounts of gypsum may be derived from the small amounts of 
anhydrite that are found in most of the studied bricks. While this does not prove the bricks are a deﬁnite 
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source for the efﬂorescing gypsum, their potential contribution cannot be ruled out based on our 
observations. On the other hand, some of the identified brick types seem to be very poor gypsum sources 
(e.g. less than 0.43g), what indicates that mortar joint could also contribute to the GE formation. 
4.6 Conclusions 
Persistent staining of masonry surfaces by gypsum crystallisation is on the rise in the UK, in the 
Netherlands and in Belgium. The ﬁeld survey has resulted in a number of important observations. 
Gypsum efﬂorescence is a recent problem, which is restricted to facades constructed during the last few 
decades. It appears to develop in a slow or delayed way, since it is often only perceived a number of years 
after construction of the facade. It significantly affects the façade appearance, and when observed in closer 
detail it reveals compact accumulations of gypsum on the brick surface. The role of moisture in general, or 
wind-driven rain in particular, seems important, given that gypsum efﬂorescence exclusively affects facade 
sections with high exposure to wind-driven rain. The occurrence of gypsum efﬂorescence does appear to 
be unrelated to the physical or chemical properties of the brick. For instance, the analysis of bricks’ 
declared technical properties did not reveal any signiﬁcant dependency on the cold water absorption, 
initial rate of absorption or potential anhydrite contents of the bricks. As for the latter, it indicates that in 
some cases (high sulphate content) bricks can likely contribute to the GE formation, while in others 
(bricks deficient in sulphate) the mortar joint can possibly serve as its source. All these observations agree 
with the earlier studies by Bowler and Winter (1996) and Brocken and Nijland (2004).  
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5 Experimental cement paste carbonation 
5.1 Introduction 
Masonry mortar is a potential GE source, as calcium sulphate is deliberately added and interground with 
Portland cement clinker to provide control on the setting properties. However, its contribution to the 
GE-risk has long been neglected, as quickly after cement hydration it is mostly bound to virtually 
insoluble ettringite and monosulphate phases (MacGregor Miller and Melander, 2003). Synthetic ettringite 
and monosulphate do however decompose back to gypsum upon carbonation (Nishikawa et al., 1992; 
Xiantuo et al., 1994; Grounds et al., 1988). The risk of the formation of a GE-source in (cement mortar) 
masonry joints may hence be high, as it is reported that 2 years of exposure is sufficient for their full 
carbonation (Brocken et al., 2000).  
Nevertheless, the carbonation of ettringite and monosulphate as cementitious materials’ components is 
not well documented. Depletion in ettringite in the carbonated zone of concrete blocks has been reported, 
while experimental carbonation of similar materials yielded a considerable increase in water soluble 
sulphate (Brocken and Nijland, 2004). This indicates gypsum formation upon ettringite decomposition, 
though gypsum has not been identified as a carbonation product. This may partly be due to the fact that 
the amount of gypsum formed upon cement paste carbonation may be below the detection limit of 
conventional techniques.  
Ettringite and monosulphate stability are dependent on the pH of the pore solution, which is controlled 
by the content and availability of CH. Its stabilising effect has been reported for synthetic ettringite 
(Pajares et al., 2003) and mentioned in a study on masonry mortar carbonation (Brocken et al., 2000), 
though no dedicated study has addressed the relation between CH content in cement paste and ettringite 
stability. Supplementary cementitious materials are commonly blended in with ordinary Portland cement. 
Many of them exhibit pozzolanic properties resulting in lower CH content in hydrated cement (Snellings et 
al., 2012). While their accelerating effect on cement paste carbonation has been reported (Šavija and 
Luković, 2016), it is not clear whether it also affects the rate of gypsum formation. 
This work therefore focuses on characterising the phase development(s) during cement paste carbonation, 
with a particular interest in identifying calcium sulphate formation. Investigations of cementitious 
materials’ carbonation are mostly applied to large samples, which on one hand allow following the 
dimensional aspect of carbonation, but on the other hand yield samples being only partly carbonated due 
to formation of a carbonation front (Šavija and Luković, 2016). For this reason this study was carried out 
using finely crushed cement paste, which additionally allowed for more precise characterisation of cement 
phases due to the absence of aggregates, and furthermore accelerated the carbonation process. The 
mineralogical analysis was carried out with QPA and TG analyses, while the water soluble sulphate 
amount was determined by chemical analysis applied to the extracts from a leaching experiment. While the 
latter technique was suitable for monitoring sulphate release upon carbonation, its source could not be 
identified. On the other hand, the amount of gypsum formed upon carbonation was too low to be 
detectable by the QPA and TG methods. A novel approach was hence applied – a simple dissolution 
monitoring experiment, which allowed identifying and quantifying slight amounts of calcium sulphate 
based on the leaching progress of Ca2+ and SO42- ions. The applied methodology allowed also studying the 
relation between CH and ettringite content. The analysis has been carried out on cement paste samples 
prepared from ordinary Portland cement and a cement blended with fly ash and blastfurnace slags. The 
comparison of those two demonstrated the effect of pozzolanic components on gypsum formation upon 
carbonation. The results of this study yield preliminary directions for limiting the GE source formation in 
cement paste. 
The chapter starts with a brief introduction to materials and methods (Section 5.2). The results part is 
initiated by demonstrating gypsum formation upon cement paste carbonation in Section 5.3.1. Next, the 
more general discussion on phase development proceeds in Section 5.3.2, while the problem of variable 
RH during the experiment is addressed in Section 5.3.3. The delay in ettringite destabilisation and 
premises indicating its decomposition to gypsum are examined in Sections 5.3.4 and 5.3.5. The discussion 
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part starts in Section 5.4.1 which addresses the applicability of the obtained results to a masonry mortar 
joint. A broader discussion on limiting the GE risk is split into two sections. The effect of SCMs and lime 
are addressed in Section 5.4.2, while the potential for limiting calcium sulphate(s) additions to cement are 
explored in Section 5.4.3. Section 5.5 summarizes the main conclusions, and the analysis of repeatability is 
covered in an appendix (Section 9.1.1). 
5.2 Materials and Methods 
Two commercial cements were selected for this study. Ordinary Portland cement (CEM I 52.5 HES) was 
chosen as a reference, while a blended cement (CEM II/ B-M (S-V) 32.5N) was selected due to its 
common application in masonry works. The anhydrous cement powders were characterised with QPA 
(Section 3.4.2) and WD-XRF (Section 3.5.2) methods. 
The carbonated cement pastes’ preparation, sampling, storage, and results normalisation have been 
explained in Section 3.2. Considerable bleeding was observed for the CEM II paste samples. After curing, 
the surplus water was removed and weighed, thus allowing to calculate the corrected w/cCEM II = 0.39. 
During the carbonation phase the cement pastes were frequently sampled to monitor the evolution of CH 
by TG (Section 3.4.3), ettringite and monosulphate by QPA (Section 3.4.2), and water soluble sulphate 
content by leaching test and ICP-OES analysis (Section 3.5.1). In addition, the leaching process of the 
fully carbonated cement paste samples was investigated by additional sampling after 10min, 1hr, 6hr, 1d, 
2d, and 3d (besides the default 7d). The TG and QPA samples were mostly analysed within a couple of 
days, while the samples for leaching test were analysed after 1.5 years. For QPA results a satisfactory fit 
quality was obtained, characterised by weighted pattern R value in range of 19-21.  
The sample preparation procedure for QPA involved 5 minutes of McCrone grinding with isopropanol.  
During this process (partial) solvent exchange took place, replacing free water in cement with isopropanol. 
Isopropanol was later removed by drying. On the other hand, no such treatment was applied to the TG 
and ‘water soluble SO42-’ samples, hence they contained also some free water. Nevertheless, all the 
samples were normalised to dry mass by applying correction based on the w/c ratio (Section 3.2.4). In 
consequence, this yielded some overestimation for the QPA results, as the normalisation to dry mass did 
not correct for the (partial) free water removal.  
Anhydrous cements’ composition 
The mineralogical (QPA) and chemical (WD-XRF) composition of the two anhydrous binders was 
analysed and results are provided in Table 5.1 and 5.2, respectively. The blended cement contained two 
(amorphous) SCM components: granulated blastfurnace slag and siliceous fly ash. Their addition was at a 
level of 23.7wt% according to the determined amorphous phase content by QPA.  
Table ‎5.1 Mineralogical compositions (QPA) of both anhydrous cements. 
Component CEM I [wt%] CEM II [wt%] 
Alite M3 66.7 51.8 
Belite β 14.9 5.3 
C3A orthorhombic 3.1 4.4 
Ferrite 5.6 3.9 
Calcite 4.6 5.0 
Gypsum 1.1 2.0 
Anhydrite 0.7 0.4 
α-Quartz 0.8 3.5 
Amorphous 2.5 23.7 
The XRF analysis of sodium yielded non-significant results in case of CEM I and no sodium identification 
for CEM II, which is usually present at a level of 0.3wt% in typical Portland cement clinker (Taylor, 1997). 
These shortcomings can possibly be attributed to low sodium X-ray yields due to its low atomic mass, and 
to insufficient correction for the absorption of sodium X-rays by a polyester film covering the bottom of 
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the XRF powder cup. The oxides wt% and LOI sum up to 87.36wt% and 91.30wt% for CEM I and CEM 
II, respectively. Deficiencies of up 10% are not uncommon due to the limited capability for light element 
quantification by XRF. In case of CEM II this range is exceeded by 2.64%, what suggests that the oxides’ 
contents may be slightly underestimated. 
Table ‎5.2  Chemical compositions (WD-XRF) of both anhydrous cements, the main oxides (>0.1wt%) and Na2O 
are listed, the minor oxides (<0.1wt%) content is provided as a sum. Results presented as a value ± 
standard error. Loss on ignition (LOI) was determined with a TG (Section 3.4.3). 
Oxide CEM I [wt%] CEM II [wt%] 
CaO 52.30 ± 0.45 46.03 ± 0.48 
SiO2 17.73 ± 0.17 23.45 ± 0.19 
Al2O3 03.85 ± 0.08 08.30 ± 0.13 
SO3 03.81 ± 0.19 05.03 ± 0.07 
Fe2O3 03.21 ± 0.18 02.86 ± 0.17 
MgO 01.25 ± 0.05 02.11 ± 0.07 
K2O 00.43 ± 0.05 00.73 ± 0.08 
TiO2 00.37 ± 0.02 00.68 ± 0.03 
ZnO 00.13 ± 0.01 <0.10 
SrO 00.12 ± 0.01 00.16 ± 0.01 
Cl <0.10 00.13 ± 0.01 
Na2O *00.03 ± 0.13* not identified 
Sum of minor  
oxides (<0.1wt%) 
0.21 0.34 
LOI 3.86 4.50 
Total 87.36 91.3 
*the result is not significant due to a high standard error 
5.3 Carbonation experiments 
5.3.1 Calcium sulphate formation upon cement paste carbonation 
Table ‎5.3 summarises the leaching experiment on fresh (0d) and fully carbonated (155d) cement paste 
samples. Similar trends were observed for both CEM I and CEM II compositions. Both non-carbonated 
paste samples yielded very high amounts of leached calcium, which could be attributed to a high content 
of CH in a fresh cement paste. Upon carbonation, CH transformed into virtually insoluble calcium 
carbonate, and it resulted in a major drop in the Ca concentration. In contrast, the amount of water 
soluble Na+ and K+ cations dropped markedly. This may be likely attributed to their sorption by silica gel, 
which formed upon CSH phase decalcification induced by carbonation (Anstice et al., 2005). However, 
most interesting is the increase of water soluble sulphate content, from negligible amounts found for the 
fresh cement pastes to considerable amounts formed upon carbonation. Nevertheless, the source of 
sulphate cannot be identified based on these results.  
Table ‎5.3 Concentrations of ions leached from fresh (0d) and fully carbonated (155d) cement pastes. 
 Concentration [mmol/100g anhydrous] 
SO4
2-
 Ca
2+
 K
+
 Na
+
 Mg
2+
 
CEM I 0d 0.1 60.2 9.5 10.7 0.00 
CEM I 155d 13.9 15.3 1.1 3.8 0.02 
CEM II 0d 0.1 48.6 9.1 8.5 0.00 
CEM II 155d 10.0 12.1 1.0 2.9 0.05 
CHAPTER 5 - Experimental cement paste carbonation 
28 
 
Synthetic ettringite is reported to decompose to gypsum upon carbonation (Nishikawa et al., 1992; 
Xiantuo et al., 1994; Grounds et al., 1988); however gypsum formation in carbonated cementitious material 
has not been yet reported. It may be related to the fact that the amounts of formed gypsum are below the 
detection limits of techniques commonly applied to its identification: QPA and TG. Figure ‎5.1 and 
Figure ‎5.2 show that indeed, no gypsum was identified in 155d carbonated cement samples neither by TG 
nor by QPA methods, respectively. Figure ‎5.1 illustrates that the DTG curves of the 155d carbonated 
cements did not show the characteristic gypsum dehydration peak in the range of 120-150°C (Lothenbach 
et al., 2016), nor were the characteristic gypsum peaks found in the XRD spectra, see Figure ‎5.2. While 
depletion in ettringite upon carbonation of cementitious materials was already reported (Brocken et al., 
2000; Brocken and Nijland, 2004), it has not been accompanied by gypsum identification yet.  
 
Figure ‎5.1  DTG curves for the non-carbonated (0d) and carbonated (155d) cement paste of CEM I and CEM II.  
Gypsum thermal dehydration takes place in the selected range.  
 
Figure ‎5.2  XRD spectra of for the non-carbonated (0d) and carbonated (155d) cement paste of CEM I and  
CEM II. The two most intensive gypsum reflection locations are indicated with the dashed line. 
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We have thus applied a novel approach for its identification, by monitoring the dissolution of Ca2+ and 
SO42- ions from the fully carbonated samples. This was carried out by taking additional samples during the 
7 days leaching experiment. Figure ‎5.3 shows the result of the dissolution monitoring experiment as the 
relation of ‘SO42- vs Ca2+’ concentrations, where the seven points for each cement type correspond to 
sampling at different time intervals (10min, 1hr, 6hr, 1d, 2d, 3d and 7d). The horizontal and vertical order 
follows the sampling time. The test revealed that the release of water soluble SO42- and Ca2+ is highly 
correlated, as the ‘SO42- vs Ca2+’ trend lines show slopes (aCEM I=0.973 and aCEM II=0.977) and R2 values 
(R2CEM I=0.9998 and R2CEM II=0.9996) close to 1. The shift from the y=x dotted line can be explained by 
an initial quick dissolution of some other Ca compounds. This demonstrates that the main source of the 
leached Ca2+ and SO42- is a single compound characterized by Ca2+/SO42- = 1, proving calcium sulphate 
formation upon cement paste carbonation.  
 
Figure ‎5.3  Correlation between leaching of SO42- and Ca2+ ions from carbonated cement pastes. The dotted line  
represents a y=x equation.  
5.3.2 Phase development and water soluble sulphate release  
Figure ‎5.4 and Figure ‎5.5 show ettringite, CH and water soluble sulphate content evolution during 
carbonation of CEM I and CEM II pastes, respectively. Both plots are supported by the numerical data 
presented in Table ‎5.4 and Table ‎5.5. Each component exhibited phases of major change in its content. 
These phases are indicated in the graphs and in the tables; for the former by alternating each component’s 
plot with solid and dashed lines, and for the latter in the ‘Phases’ row. The moment of their initiation and 
termination was estimated from the graphs. The water soluble sulphates originate from gypsum 
dissolution, as demonstrated in the previous section. Their levels were measured in leachates, which were 
characterised by varying pH depending on the progress of carbonation of the tested cement paste sample. 
Fresh samples could yield pH values as high as 12.45 (Taylor, 1997) due to the abundant presence of CH, 
while for the carbonated samples it could drop down to a level of 7-8 (Anstice et al., 2005; Šavija and 
Luković, 2016). However, CH presence has only a slight decreasing effect on gypsum solubility (Taylor, 
1997). Small amounts of monosulphate were detected by QPA in CEM I (AFm in Table ‎5.4), but not in 
CEM II (Table ‎5.5). Monosulphate is often poorly crystalline (Taylor, 1997) and lack of its identification 
by QPA does not preclude its presence in CEM II as well, but in a less crystalline form. On the other 
hand, calcite was added at similar level to both anhydrous CEM I and CEM II cements (Table ‎5.21) and 
its presence may prevent monosulphate formation during cement paste hydration (Kuzel and Pöllmann, 
1991).  
Figure ‎5.4 and Figure ‎5.5 confirm that both CEM I and CEM II pastes exhibited similar trends upon 
carbonation: the CH content decrease due to its carbonation to calcium carbonate, ettringite 
decomposition and water soluble sulphate release. The initial high level of RH hampered CH carbonation 
during the first days, as will be addressed in more detail in the following section. CH did not carbonate 
completely, but it equilibrated at a residual content of 0.5-1g/100g anhydrous. The ettringite 
decomposition appeared to be delayed and took place in two steps: a first one leading to a major drop in 
its content in a relatively short time, followed by a much slower decomposition of ettringite residues. The 
water soluble sulphate release also occurred in two stages: first a major release took place, which appeared 
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delayed in respect to ettringite decomposition, followed by a stagnant phase and a late final release. Their 
major release (SO42-[1] phase) was initiated sooner for CEM II (18 days) than for CEM I (35d), but 
nevertheless for both cements it was completed within 84 days. The second release phase (SO42-[2]) 
continued until the experiment termination, hence it cannot be excluded that further sulphate release was 
feasible. Small amounts of monosulphate were identified in CEM I paste, which similarly to ettringite 
decomposed upon carbonation. However, for the graphs’ clarity, monosulphate evolution was not plotted, 
but included in Table ‎5.4.  
 
Figure ‎5.4  Ettringite (AFt(QPA)), CH and water soluble SO42- content evolution upon CEM I paste carbonation.  
Each component’s plot is alternated with solid and dashed lines; each segment corresponds to a phase 
distinguished in Table ‎5.4. 
 
Figure ‎5.5  Composition evolution of CEM II paste, the graph outline is explained in the caption  
of Figure ‎5.4. 
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Table ‎5.4  Evolution of CEM I cement paste composition during the accelerated carbonation. For convenience,  
the monosulphate and ettringite names are shortened to their respective mineral group names: AFm and 
AFt. Minerals’ content is expressed in g/100g anhydrous, while the extracted water soluble SO42- in 
mmol/100g anhydrous. The ettringite content measured by TG is expressed qualitatively by: +++ initial 
content, ++ and + - moderate and low content relative to the initial one, respectively, ? possibly present, 
and - not identified.  The periods of distinct content change are separately distinguished in the Phases 
row, and consecutively numbered for each component (e.g. CH[1]). These periods are also marked in the 
values rows by greyed cells. Next to the phase name a relative change expressed in percentage of the total 
change is provided. NA stands for not analysed. 
CEM I 
Phases 
Age 
[days] 
AFt SO4
2-
 
(ICP-OES) 
CH 
(TG) 
AFm 
(QPA) QPA TG 
 
 
 
CH [1] 
(29%) 
0 5.4 +++ 0.1 19.4 0.7 
1 7.2 +++ NA 14.0 0.0 
 
2 7.2 +++ NA 13.5 0.3 
3 7.0 +++ NA 13.3 0.1 
7 5.9 +++ NA 13.9 0.5 
CH [2] 
(65%) 
11 6.4 +++ 0.1 11.8 0.4 
AFt TG 
14 5.1 ++ NA 10.6 0.3 
18 6.8 ++/+++ 0.4 10.3 0.3 
AFt QPA [1] 
(86%) 
29 5.2 + 0.1 7.5 0.2 
35 3.2 + 0.2 6.0 0.0 
SO4
2-
 [1] 
(68%) 
56 0.9 ? 3.4 2.1 0.0 
AFt QPA [2] 
(14%) 
 
70 0.4 - 6.1 1.6 0.0 
 
84 0.0 - 9.4 1.7 0.0 
 
 91 NA NA 8.6 NA NA 
109 0.0 - 9.8 1.2 0.0 
SO4
2-
 [2] 
(30%) 
133 NA NA 11.1 NA NA 
155 0.0 - 13.9 1.1 0.0 
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Table ‎5.5  Evolution of CEM II cement paste composition during the accelerated carbonation. The table outline is 
explained in the Table ‎5.4 caption. 
CEM II 
Phases 
Age 
[days] 
AFt SO4
2-
 
(ICP-OES) 
CH 
(TG) QPA TG 
  
 
CH [1] 
(19%) 
0 4.4 +++ 0.1 13.4 
1 6.6 +++ NA 11.0 
 
2 6.0 +++ NA 10.6 
3 6.1 +++ NA 10.3 
7 6.3 +++ 0.3 10.0 
CH [2] 
(72%) 
11 6.1 +++ 0.3 9.2 
AFt QPA [1] 
(87%) 
AFT TG 
14 4.0 ++ NA 8.6 
18 3.9 ++ 0.3 6.7 
SO4
2-
 [1] 
(79%) 
29 0.8 + 0.7 3.8 
AFt QPA [2] 
(13%) 
35 0.7 + 1.1 2.8 
56 0.0 - 5.1 0.8 
   
70 0.0 - 5.8 0.5 
84 0.0 - 7.9 0.5 
 
91 NA NA 6.8 NA 
109 0.0 - 7.5 0.5 
133 NA NA 7.4 NA 
SO4
2-
 [2] 
(27%) 155 0.0 - 10.0 0.5 
5.3.3 RH during carbonation 
Figure ‎5.6 shows that the RH in the cabinet was not stable during the cement paste carbonation. The 
frequent and quick RH drops are related to disturbances by opening the cabinet for cement paste 
sampling. At these moments the RH meter was measuring the typically winter-low relative humidity (25-
40% RH) of the laboratory room. Another disturbance can be observed in the period of 100d-113d. 
Humidity in the cabinet was controlled by a NaBr salt solution, while in this period water has completely 
evaporated from the salt dish. It was then immediately replenished, what restored a stable humidity level 
in the cabinet.  
The initial high RH level was induced by placing the fresh and wet cement pastes into the carbonation 
cabinet. Upon their drying, the humidity was absorbed by the NaBr salt solution and the RH level 
progressively dropped to the level of approximately 53% RH. This initial high RH level has nevertheless 
influenced the CH carbonation rate. The composition evolution graphs (Figure ‎5.4 and Figure ‎5.5) and 
tables (Table ‎5.4 and Table ‎5.5) show that considerable amounts of CH carbonated over the first day 
(CH[1] phase), that could be attributed to the carbonation of the surface layers of cement paste grains. 
However, further carbonation was hampered until day seven. The optimal RH range for carbonation falls 
within 50-70% (Hewlett, 2004), while any higher RH may lead to water condensation in pores and their 
blockage, in consequence majorly hindering the carbonation process. Indeed, it took 7 days until RH level 
dropped below 70% (Figure ‎5.6), what explains the observed slower rate of CH carbonation. 
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Figure ‎5.6 RH and temperature variation over the carbonation experiment duration. 
5.3.4 CH delays ettringite decomposition  
CH is a major product of OPC hydration, as reflected in its high content (19.4g/100g anhydrous) in the 
cured, non-carbonated CEM I paste. CEM II yielded much less CH (13.4g/100g anhydrous) due to the 
addition of fly ash and ground blastfurnace slag. Their effect is twofold: they simply dilute OPC whose 
hydration produces CH, and both components show pozzolanic activity leading to CH consumption 
during cement hydration (Snellings et al., 2012). Ettringite decomposition is initiated at a pH below 10.7 
(Myneni et al., 1998), while CH contributes to its stabilisation by causing a higher pH. The ettringite 
decomposition was reflected by a drop in its content, as determined both by QPA and TG results 
(Figure ‎5.4 and Figure ‎5.5). Table ‎5.4 and Table ‎5.5 show that its initiation appears to be related to the CH 
content, as ettringite decomposition in both cements was initiated when CH reached similar threshold 
levels of 10.3 and 9.2g/100g anhydrous for CEM I and CEM II, respectively. This is consistent with the 
reported stabilising effect of CH on synthetic ettringite (Pajares et al., 2003) and as a component of mortar 
(Brocken et al., 2000). Ettringite decomposition was delayed by an induction period lasting approximately 
18 days for CEM I and 11 days for CEM II (based on QPA results). The difference may be explained by a 
higher initial CH content in CEM I paste, that required more time for carbonation to reach the CH 
threshold level.  
Table ‎5.4 and Table ‎5.5 show that the main ettringite decomposition phase AFt QPA[1] was considerably 
longer for CEM I (38 days) than for CEM II (18 days). Both cement pastes showed initially a similar CH 
content, therefore the observed difference cannot be attributed to this. However, the average rate of CH 
carbonation during the AFt QPA[1] phase for CEM II (0.30g/day) was higher by 36% than for CEM I 
(0.22g/day) and this can be attributed to the fly ash and granulated blast-furnace slag that CEM II 
contains and that have been reported to induce faster carbonation (Šavija and Luković, 2016). 
5.3.5 Ettringite decomposition to gypsum 
The leaching experiment showed that water soluble sulphate was released upon cement paste carbonation, 
while the leaching monitoring experiment identified its source as calcium sulphate. Table ‎5.4 and Table ‎5.5 
demonstrate that the ettringite content (QPA) decreased during carbonation because of its structural 
decomposition (TG). Studies on carbonation of pure ettringite established that its TG peak decrease is 
indicative of decomposition of ettringite’s structure and gypsum formation (Grounds et al., 1988). 
However, Figure ‎5.4 and Figure ‎5.5 show that the sulphate release appears delayed with respect to the 
ettringite decomposition and took place in two steps.  
Table ‎5.6 compares the amounts of sulphate released during carbonation with the amount which can 
possibly originate from the ettringite (AFt) and monosulphate (AFm) decomposition. The estimated 
amount of sulphates released from the ettringite (and monosulphate) decomposition is given as a range, 
because the content of ettringite quantified by QPA was varying during the initial induction period. This 
variation can be likely attributed to a particularly high sensitivity of both minerals to the sample 
preparation conditions. Both phases are reported to (partly) decompose upon drying, grinding and storage 
(Snellings, 2016). The measured total amount of water soluble sulphate released upon carbonation from 
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CEM I agrees with the possible amount formed upon decomposition, while for CEM II is stays only 
slightly lower. This corroborates the hypothesis that the main source of gypsum formed during cement 
paste carbonation is the decomposition of ettringite and monosulphate. The content of both phases in 
cement paste determines thus the abundance of potential GE source. On the other hand, the observed 
delay and sulphate release in two steps reflect the complex nature of the mechanism of hydrated cement 
carbonation and is at odds with the direct process observed for the pure ettringite (Grounds et al., 1988). 
It may be hypothesised that ettringite decomposition in cementitious materials might go through some 
intermediate decomposition steps until gypsum is formed, but more evidence is required to elucidate the 
nature of this reaction. This could be possibly addressed with synchrotron X-ray powder diffraction, a 
method providing higher resolution and accuracy than the XRD method used here.  
Table ‎5.6  Comparison of the SO42- containing phases in cement paste: ettringite (AFt) and monosulphate (AFm) 
with the amount of water soluble sulphate released during the first sulphate release phase (SO42- [1]) and 
the total amount (Total SO42-) after 155d carbonation. The content of AFt and AFm is recalculated to the 
amount of sulphate which would be released upon their complete decomposition based on their chemical 
formula. The AFt amount is given as a content range during the induction period, while for AFm its 
initial value is used. The SO42- (WD-XRF) is the amount of sulphate in anhydrous cement, recalculated 
from the WD-XRF data on SO3 in Table ‎5.2.  
CEM I g/100g anhydrous mmol SO4
2-
/100g anhydrous 
AFt 5.1 - 7.2 12.1 - 17.3 
AFm max 0.7 1.1 
AFt + AFm - 13.1 - 18.3 
SO4
2-
 [1] (ICP-OES) - 9.4 
Total SO4
2-
 (ICP-OES) - 13.9 
SO4
2-
 (WD-XRF) 4.6 47.6 
 
CEM II g/100g anhydrous mmol SO4
2-
/100g anhydrous 
AFt 4.4 - 6.6 10.4 - 15.9 
SO4
2-
 [1] (ICP-OES) - 7.9 
Total SO4
2-
 (ICP-OES) - 10.0 
SO4
2-
 (WD-XRF) 6.0 62.9 
CEM I paste yielded more sulphate release upon carbonation than CEM II (Total SO42-), although 
anhydrous CEM I contained less sulphur than CEM II (SO42-(WD-XRF)). The latter was also reflected by 
a lower content of calcium sulphate(s) in the cement composition (see anhydrite and gypsum in Table 5.1). 
Moreover, only a small fraction of sulphur (CEM I - 29%, CEM II -16%) from anhydrous cement was 
released as water soluble SO42- upon ettringite and monosulphate breakdown. It indicates that a major 
amount of sulphate might be persistently bound in other hydrated cement phases, which did not release 
upon carbonation. CSH phase is the main product (60-70wt%) of cement hydration (Spence, 1992). Fu et 
al. (1994) reported that it can indeed accommodate considerable amount of sulphate ions (even 5wt% of 
gypsum as compared to the mass of C3S used for CSH preparation). However, it needs to be noted that 
this high capacity was questioned in other studies (Škapa, 2009). While the results of this study suggest 
that sulphates were absorbed by a CSH phase, it would be worth confirming it by SEM-EDS or 
microprobe analysis of the CSH phase to determine its sulphur content. However, this is out of the scope 
of the present project and should be addressed in future studies.  
The major ettringite (AFt QPA [1] phase) and monosulphate decomposition was accomplished by the end 
of the major CH carbonation phase (CH(2) phase), see Table ‎5.4 and Table ‎5.5. Therefore, substantial CH 
carbonation can be used as an indicator of ettringite and monosulphate decomposition in cementitious 
systems, and it can be conveniently measured with TG and QPA methods. However, it may be not 
applicable to all cases, as ettringite was identified in cement mortar joints, where CH was completely 
carbonated to calcite (Brocken et al., 2000). Gypsum formation is delayed compared to ettringite 
decomposition and considerable amounts may still be immobilised in the intermediate ettringite’s 
decomposition products, even when CH carbonation is virtually completed.  
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5.4 Discussion 
5.4.1 Carbonated mortar as a GE source 
The reported concrete carbonation rates are rather slow, between 0.06 and 1.20 mm per year (Pade and 
Guimaraes, 2007), appearing to contradict the hypothesis of GE source formation in masonry joint. 
However, masonry (cement) mortar may completely carbonate within two years (Brocken et al., 2000), 
while there are also known cases where one year was sufficient1. This is attributed to the fact that a thin 
(10-12mm) mortar joint is surrounded by a porous brick, which provides a high contact surface with CO2 
from air compared to the joint’s volume. Moreover, mortar joints (Derluyn et al., 2011) are typically more 
porous than concrete (Kumar and Bhattacharjee, 2003). In literature, the statement of full carbonation is 
mostly related to the observation of complete portlandite carbonation, while this study establishes that 
gypsum formation is delayed and may be only partly released at this stage. Nevertheless, GE is reported to 
develop after a couple of years only hence it is feasible that a major sulphate release could have occurred 
by that time. It corroborates then that gypsum formation in a mortar joint is likely to happen in masonry, 
providing a GE source. Moreover, the time required for the carbonation of a mortar joint may also 
explain the observed delay in GE formation. 
5.4.2 Effect of SCMs and lime on GE source formation 
The formation of GE source upon cement paste carbonation is dependent on the CH content which 
controls the pH of the pore fluid and hence the ettringite and monosulphate stability. While pozzolanic 
SCMs accelerate carbonation, lime addition may delay, or even virtually arrest it. 
SCMs’ impact on cement carbonation and gypsum formation  
Limestone is used in commercial cements as filler, and its addition affects cement paste carbonation. 
Typically calcium carbonate precipitates on the CH crystals, creating a protective layer which hampers the 
carbonation process. However, in presence of limestone addition, its fine particles become the preferential 
locations for calcite precipitation, hence inducing a faster and more extensive CH carbonation (Šavija and 
Luković, 2016). Moreover, the results of this study confirmed reported accelerated cement paste 
carbonation for cement composition containing pozzolanic SCMs (Šavija and Luković, 2016). It was 
reflected by faster steps of a chain reaction leading to gypsum formation. First, addition of SCMs induced 
both lower initial CH content, and its faster carbonation than in OPC. In turn ettringite decomposed both 
sooner and faster. In consequence, the last reaction – delayed gypsum formation was initiated earlier than 
in pure OPC and the present study has revealed that the major sulphate release has been accomplished at 
the same time.  
While both limestone and pozzolanic additions accelerate CH and ettringite carbonation in cement paste, 
they do not necessarily induce a faster gypsum formation. This effect has not been observed for the 
investigated cement containing additions of fly ash and blast furnace slag, while for cement formulations 
with limestone no such data is available yet.  
Lime addition stabilises ettringite 
It has been demonstrated that CH stabilises ettringite in cement paste, however upon its carbonation CH 
transforms to calcite and may lead to ettringite decomposition back into gypsum. This process can 
possibly be hindered by substituting part of anhydrous cement with CH. Lime mortars have been used in 
masonry over centuries, however they were superseded by Portland cement for commercial applications. 
Nowadays, lime and cement-lime mortar are still in use, but mainly for conservation purposes.  
The effect of lime addition on carbonation of masonry joints was investigated by Brocken et al. (2000). 
Lime addition to OPC resulted in formation of a narrow and dense carbonation zone in the masonry 
joint, which mainly hindered further CO2 diffusion. The carbonation zone was followed by a CH enriched 
zone. It was reported that for a 2 year old masonry mortar the joint was depleted in ettringite only in a 
0.5mm carbonation zone, while it was still present in the internal CH-rich zone. No such effect was 
observed for an OPC mortar without lime addition, in which CH carbonated completely throughout the 
                                                     
1 Jan Elsen, personal communication 
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mortar joint. Cement-lime mortars may thus hinder ettringite and monosulphate decomposition, 
preventing hence from gypsum formation in masonry mortar. 
5.4.3 Limiting calcium sulphate(s) addition 
The amount of calcium sulphate formation upon cement paste carbonation can be limited by reducing its 
addition to the anhydrous cement. This could be possibly achieved in two ways: by limiting the ratio of 
calcium sulphate(s) addition in the clinker, or by diluting the OPC with SCMs.  
Optimum sulphate content of cement 
Taylor (1997) reviewed the literature on sulphate optimisation in Portland cements. Optimisation of the 
setting properties requires typically at least 2% SO3, which originates from the cement components and 
calcium sulphate(s) addition. Adding more has little effect on setting, as long as it does not lead to a ‘false 
set’, gypsum precipitation from solution supersaturated by hemihydrate. Moreover, too high addition may 
lead to damaging expansion in water as reflected by SO3 content constrained by national normatives to 
levels of around 2.5-4.5%. Because of the complex nature of sulphate optimisation, the calcium 
sulphate(s) addition is usually derived empirically based on strength tests. A recent study on four cement 
types (Tsamatsoulis and Nikolakakos, 2013) has demonstrated that cements with no addition of calcium 
sulphate(s) yielded 85-90% of their optimised strength, at SO3 levels of 0.75-1.47wt% only (SO3 
originating from cement components). It demonstrates hence that major reduction in sulphate content 
does not significantly compromise the strength performance. Such low levels might possibly be 
insufficient for providing desirable setting properties, but it nevertheless reveals potential for a sulphate 
content decrease and hence the GE-risk reduction. 
Diluting effect of SCMs 
There are numerous cement compositions available commercially which contain SCMs. As their addition 
dilutes the OPC, these cements contain less of the reactive aluminate phases. In consequence, it 
potentially limits the necessary calcium sulphate(s) addition. It is indeed reported that the optimum 
calcium sulphate(s) addition decreases with the degree of clinker replacement by blast furnace slag and 
limestone (Ghosh, 2003) as well as for natural pozzolana and fly ash as confirmed by the recent study of 
Tsamatsoulis and Nikolakakos (2013). 
Final Remarks 
The sulphate content of cement can be possibly lowered by both decreasing calcium sulphate(s) content 
and addition of SCMs. Nevertheless, the cement producers prefer to shift the sulphate content to the 
higher boundary allowed by normatives to effectively counteract shrinkage, as well as to reduce the price 
of Portland cement due to lower price of gypsum (Škapa, 2009). Therefore, reduction of sulphate content 
in commercial cements appears feasible, and should not result in significant alteration of their 
performance.  
5.5 Conclusions 
An experiment for monitoring phase development upon cement paste carbonation was successfully 
designed and implemented. Application of a novel experimental approach yielded identification of calcium 
sulphate in carbonated cement paste. This corroborates that both ettringite and monosulphate present in 
cement paste decompose to calcium sulphate, as previously reported for synthetic phases only. Both brick 
and carbonated mortar joint can thus serve as GE sources in masonry. While the content of CH showed 
an effect on carbonation rate and delay of ettringite decomposition, it did not affect the rate of gypsum 
formation significantly. However, this interpretation is restricted to the investigated two cement types, as 
deliberate addition of lime to cement may substantially hinder the carbonation process and thus the 
amount of formed gypsum. This can be achieved also by limiting the calcium sulphate(s) addition to 
cement, as it appears that its reduction to some level should not compromise significantly its performance. 
Both ways may hence possibly limit a risk of GE by minimising the amount of gypsum formed upon 
mortar joint carbonation, but they require further research.  
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6 Accelerated gypsum efflorescence 
6.1 Introduction 
In the past thirty years, we have seen a dramatic increase of GE cases for ceramic brick masonry. Its 
characteristic features indicate that the GE source is the masonry itself, while the formation process 
involves source dissolution, moisture transport and efflorescence formation. Moreover, GE has most 
likely been triggered by some recent changes in the properties of masonry constituents. 
However, up to now, neither a method for its assessment nor a solution to the problem is available. Even 
though there are numerous well-established experimental methods dedicated to investigating the impact of 
crystallisation of well-soluble salts on porous building materials (Espinosa-Marzal and Scherer, 2010; 
Lubelli et al., 2014), these have rarely been applied to gypsum. The reason lies on the one hand in the fact 
that gypsum is mostly discussed in relation to the formation of black gypsum crusts via interaction with air 
pollution (Charola et al., 2006). Simulation of these requires specific tests. On the other hand, GE is a 
relatively recent problem and exclusively affects masonry. The only experimental study addressing GE was 
carried out by Bowler and Winter (1997), but their test procedure reveals many drawbacks. The main 
disadvantage is the at-least-one-year duration, which is far too long for applied research or quality control 
applications. The available knowledge on GE indicates that an optimal test method should be capable of 
separately assessing the contributions of: (i) the brick’s GE-source; (ii) the mortar’s GE-source; (iii) the 
impact of mortar admixtures; and (iv) the brick moisture properties towards the GE-risk. The Bowler and 
Winter (1997) procedures do not fulfil these requirements; instead they simultaneously address a 
combination of these factors. Moreover, the actual GE formation mechanism remains unclear. While 
common salts like NaCl simply form efflorescence upon drying (Rodriguez-Navarro and Doehne, 1999), 
gypsum demonstrates the apparent tendency to accumulate just beneath the brick’s surface under wick 
test conditions (Franke and Grabau, 1994, 1998). This clearly contrasts with the widespread GE 
occurrence in the field. On the other hand, the investigations by Bowler et al. (1997, 1998) suggest that 
surface precipitation of gypsum can be triggered in presence of mortar admixtures. 
This results in a situation where the producers of construction materials are helpless in preventing GE, as 
there is no experimental test method allowing for a fast and reliable GE-risk assessment. Since GE is 
getting progressively more common and pronounced every year, an urgent and effective solution is 
necessary. The first and required step is hence providing a test method capable of identifying the factors 
responsible for the recent outbreak of this persistent surface blemish. Our main aim is therefore to 
develop an accelerated test method (ATM) which reliably reproduces GE formation. The developed test 
method should be versatile, by being adjustable for separate testing of the contributions of brick and 
mortar GE-sources, brick moisture properties and mortar admixtures towards the GE-risk. Next to this, 
the results of the optimized test applied to gypsum solution should shed light on the controversies 
regarding gypsum’s subflorescence tendency, which contrasts with the widespread GE occurrence in 
practice. 
The chapter starts with the Section 6.2, introducing the ATM and providing its detailed description. The 
discussion of results is distributed over two sections. The ATM methodology deviates from the common 
efflorescence tests, hence its validation is addressed in Section 6.3. Particular attention is given also to the 
issue of the gypsum’s subflorescing behaviour, which is controversial compared to the commonly 
observed GE. The ATM development required applying numerous improvements, and these are 
illustrated with dedicated experiments in Section 6.4. The chapter is summarised in Section 6.5, while 
accessory data are gathered in appendices in Sections 9.1.2 and 9.1.3.  
6.2 Accelerated test method 
The optimized ATM setup is a final version of a setup gradually developed from the basic wick test design 
(Figure 2.1). While the latter already brought several improvements in comparison to Bowler and Winter’s 
set-up (Bowler and Winter, 1997), a first series of tests revealed that it still suffered from numerous flaws. 
Several attempts were hence undertaken to improve it, resulting in numerous modifications applied to the 
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basic wick test setup and protocol. They are first introduced in the sections below, and then addressed in 
more detail in the following ones. 
6.2.1 Experimental protocol 
In order to control well the climate conditions and assure their even level for multiple setups tested 
simultaneously, it was decided to carry out the experiments in a climate cabinet (Weiss SB22 1000, Figure 
6.1 C), which was capable of accommodating 108 setups distributed over two levels. Every test variation 
was realised with four setups (=1set) distributed evenly in the cabinet, which allowed for testing a 
maximum of 27 sets at one time. 
Calcium sulphate occurs in the mineral forms of anhydrite (CaSO4), hemihydrate (CaSO4∙0.5H2O) and 
gypsum (CaSO4∙2H2O), but only the latter species was found in the GE cases from the field survey. The 
experimental conditions were thus carefully adjusted to accelerate the physical processes behind 
efflorescence formation without however inducing the formation of the other calcium sulphate species. 
Gypsum dehydration to hemihydrate may occur already above 40°C (Charola and Centeno, 2002), hence 
the experimental temperature was chosen at 35 ± 2°C. Humidity was set at 21% ± 4% RH, which was the 
limit for the climate cabinet in use. These conditions differ much from the average Belgian climate: the 
average monthly temperatures in Brussels vary between 3.3°C (average for January) and 18.4°C (average 
for July), while the average monthly relative humidity varies between 72.5% (average for April) and 88.8% 
RH (average for December)1. The test conditions were hence preliminarily validated by running a simple 
gypsum crystallisation test. Gypsum solution (2.2 g/L) was placed on a glass dish in the climate cabinet 
and left to evaporate. After one day the deposit from the glass dish was collected and identified as gypsum 
by XRD. These optimised and validated conditions are referred later as ‘accelerated conditions’. In a few 
instances the efflorescence tests were realised under laboratory conditions (24 ± 2°C, 53 ± 7% RH).  
  
Figure ‎6.1  Scheme (A) and a photograph (B) of the optimized ATM setup, and a climate cabinet filled with the 
ATM setups (C)  
 
                                                     
1 https://www.meteo.be/meteo/view/fr/360955-Normales+mensuelles.html [Accessed 9 May 2017] 
B 
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The experimental protocol was based on a basic wick test (Figure 2.1 and Figure 6.1 A and B), where a 
porous sample (transport medium) stays in continuous contact with a test solution. Upon their contact the 
test solution is absorbed by a porous medium due to capillary action and transported to the surface, where 
drying takes place. The extent of the latter depends on temperature, relative humidity and air speed. The 
basic wick test protocol was modified by introducing frequent wetting phases, i.e. applying 3ml distilled 
water (measured with an automatic pipette Transferpette) to the sample surface. This procedure served 
the purpose of mimicking the process of frequent wetting of masonry surface by wind-driven rain. The 
presence of the wetting ring (Figure 6.1 A and B) assured repeatable and complete wetting of the bricks 
samples’ surfaces. Afterwards, the setups were covered with a plastic foil to limit evaporation, and stored 
under laboratory conditions for the duration of the wetting phase. 
The experimental schedule is shown in Figure ‎6.2. Before the test, photographs of the raw dry samples 
were taken. The test started with a wick phase, which was then alternated with wetting phases over five 
days. Each wetting and wick phase took approximately 8 and 16 hours respectively, except for the first 
wick phase lasting for 24 hours. Before and after each wick phase the whole setups were weighed. The 
procedure was repeated until Friday evening, when the lids containing the brick samples were detached 
from the setups and dried in the climate cabinet over a weekend under the test conditions. On Monday 
morning the dry samples were photographed, the lids with brick samples were then mounted back to their 
respective setups and the WW cycling was restarted. When needed the test solution could be replenished 
via the perforated inlet. After four weeks the test was terminated and the efflorescence was sampled and 
analysed by XRD and HCl test methods. 
 
Figure ‎6.2  The default experimental schedule for the optimized ATM. The wick and wetting phases are 
consecutively, but separately numbered. 
6.2.2 Optimised setup 
The leached brick sample, the lid and the plastic ring (Figure 6.1 A and B) were all sealed together with a 
hot melt adhesive. The plastic ring (⌀ = 37mm, height = 10mm) was positioned so it surrounded the 
exposed sample surface. The lid contained an inlet (⌀ = 5mm) covered with a perforated scotch tape.  
Brick sample 
The GE extent appreciation depends on the type and colour of a brick surface, therefore one brick type 
was consistently used in this study as an efflorescence medium. The choice of the brick type was made 
among bricks identified during the Field Survey (see FS19 case in Chapter 4), with a preference for a dark 
coloured brick that would contrast well with the whitish efflorescence.  
Cylindrical samples (⌀ = 30mm, height = 62mm) were drilled out of a set of bricks randomly selected 
from a brick pallet (density 1826 kg/m3, capillary absorption coefficient 0.68 kg/(m2∙s0.5), capillary and 
saturated moisture content 210 and 325 kg/m3 respectively). Three samples per brick were cut 
perpendicular to the brick’s stretcher (the exposed brick side in a masonry wall), which then served as the 
exposed brick core side during the test. This way the test simulated efflorescence formation on the same 
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side as under field conditions. After drilling, samples were subjected to a leaching procedure by placing 
them in a tank with demineralised water maintained at a temperature of 40°C. Each 24 hours the 
leachate’s conductivity was measured, after which the samples were again submerged in fresh 
demineralised water. This procedure was repeated until the measured leachate conductivity reached a 
constant background value. Once this was achieved, samples were oven-dried at 105°C.  
Test solutions 
Depending on the research question, the test solution could be pure water, a salt solution, or water mixed 
with masonry components being evaluated as a GE source, i.e. powdered brick or carbonated cement 
paste. On the other hand, the setup could be also easily adjusted for testing solely the effect of admixtures 
on the GE-risk, by adding admixtures to the gypsum solution. Furthermore, the brick cores could be 
prepared from different types of brick to assess the effect of their moisture properties. 
The salt solutions were prepared from pro analysis quality salts: calcium sulphate dihydrate (gypsum, 
CaSO4∙2H2O) (Section ‎6.3.2) or sodium chloride (halite, NaCl) (Section ‎6.3.1). Both salt solutions were 
prepared at the same concentration of 2.2 g/L, equivalent of 85% gypsum saturation at 20°C (Charola et 
al., 2006). This limits the effect of the higher NaCl solubility on the formation rate and extent of 
efflorescence. For convenience, we refer to the experimental setups containing brick samples impregnated 
with different salts or pure water, by simply gypsum, NaCl or water setups. 
6.2.3 Summary of setup and protocol 
The modifications applied to the setup are illustrated in Figure 6.1 A and B, and relate to:  
- selecting an inert adhesive type applied for sealing, 
- mounting a plastic ring surrounding the sample surface,  
- providing a perforated inlet in the lid, 
- and leaching the brick sample prior to the test.  
Furthermore, a test protocol was developed to: 
- run multiple tests simultaneously by using a climate cabinet providing constant and even climate 
conditions, 
- accelerate the efflorescence formation by optimizing the climate conditions, 
- simulate rain episodes under field conditions by applying frequent surface wetting, 
- monitor the setups’ drying rate by collecting and processing their weight over the duration of the 
experiment, 
- obtain high quality photographs of the brick surface and efflorescence by optimizing the 
photography procedure,  
- quantify the efflorescence extent by applying digital image analysis to the collected photographs, 
- and identify efflorescence species with the aid of the XRD and HCl analysis. 
6.2.4 Data collection and processing 
Drying rate 
The aim of the frequent weighing (Mettler Toledo PB3002-L balance with ±10mg precision) was to 
monitor the drying rate (DR) evolution. The drying rate expresses the rate of water evaporation 
normalised to the drying surface area. The drying process takes place at the sample surface, hence salt 
crystallisation at or below the sample surface might alter the setup’s wick behaviour, which can be 
diagnosed by means of the DR graphs. The setup’s mass varied during the experiment, due to frequent 
wetting application followed by wick periods, as illustrated in Figure ‎6.3. The whole setups were weighed: 
before the wetting phase (m1): between the wetting and wick phase (m2); and, after the wick phase (m3), 
and the corresponding times t1, t2 and t3 were recorded.  
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The wetting phase started with a wetting of the sample’s surface (3ml of water), which is then mostly 
absorbed by a brick, and partly lost due to evaporation. The setup’s mass after the wetting phase equals 
hence to:  
m2 = m1 + Δmabs  (Equation ‎6.1), 
where Δmabs is the mass of water absorbed by a brick sample. During the wick phase water evaporated at 
the brick surface, first the absorbed wetting water (Δmabs), followed by the test solution water (ΔmTS). The 
setup’s mass after the wick phase can be hence expressed as: 
m3 = m2 - Δmabs – ΔmTS = m1 + Δmabs - Δmabs – ΔmTS = m1 – ΔmTS  (Equation ‎6.2). 
 
Figure ‎6.3 Mass changes during the wetting and wick phases. 
The DR for the n-th wick phase can then be expressed as: 
    
     
       
  [kg/(m2·day)]  (Equation ‎6.3), 
where: DRn is the drying rate during the n-th wick phase, ΔmTS,n is the mass loss due to water evaporation 
from a test solution during the n-th wick phase, A is the surface area of the exposed brick surface, and 
ΔtTS,n is the duration of the test solution evaporation during the n-th wick phase. 
The ΔmTS can be derived directly from the Equation 6.2: ΔmTS = m1 - m3, while the duration of the test 
solution wick equals to:  
ΔtTS = Δtwick – Δtabs = t3 – t2 – Δtabs  (Equation ‎6.4), 
where Δtwick is the duration of the total wick phase, and Δtabs is the duration of the wetting water wick. 
The Δtabs is unknown and was estimated from the average wick rate of the ATM setups tested with water 
under accelerated conditions: Δtabs = 0.01 days (see the W setup in Table ‎6.13). The DRn can be hence 
calculated using the following equation: 
    
       
  (            )
  [kg/(m2·day)]  (Equation ‎6.5). 
Figure ‎6.4 shows three typical drying behaviours found in this study: high drying rate (High DR) 
maintained over the course of the experiment for the setups tested with water (W set), a rapid drying rate 
drop (DR drop) occurring for the setups tested with gypsum solution (G set), and a moderate drying rate 
drop (Moderate DR drop) for a modified setup tested with gypsum solution (G-S2 set). 
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Figure ‎6.4 Examples of different drying rate behaviours. 
The total mass of water evaporated from the test solution after n wick phases (CEn, cumulative 
evaporation) was determined according to the following equation: 
    
∑          
 
   
 
  [kg/m2]   (Equation ‎6.6). 
Digital image analysis 
The formed efflorescence was frequently photographed (Figure ‎6.2) to monitor its changes. Efflorescence 
is less apparent on a wet sample surface, hence the brick samples were dried before photographing (see 
Section ‎6.4.1 for details). A photography stand was placed in a room with no daylight ingress, and the 
working area was illuminated by room lighting and two side lamps, to create stable and repeatable light 
conditions (Figure 6.5). The JPG photographs were taken with a Canon G10 mounted on a tripod, using 
the following fixed settings: white balance calibrated with a grey card, resolution 4416 x 3312, F-stop f/8, 
exposure 1/5 sec., ISO 80, small AF frame, centre-weighted average metering mode, macro mode, and 2 
sec. shutter delay. 
 
Figure ‎6.5 Photography stand. 
The collected photographs (Figure ‎6.6 A) were treated with ImageJ software to determine the 
efflorescence coverage (%E) on the entire top brick surface. They were first transformed to an 8-bit grey 
scale and subsequently to black and white by applying a threshold of 130-255 (Figure ‎6.6 B), yielding an 
image where white pixels corresponded to efflorescence and black ones to the unaffected brick surface. 
The threshold range was chosen based on multiple trials (by visual assessment), aiming at maximizing the 
overlap of actual efflorescence coverage on original photographs with white pixel coverage resulting from 
image analysis. Calculation of the non-normalized efflorescence coverage (IA) required (i) activating the 
‘Area fraction’ setting, (ii) selecting the brick surface only, (iii) and applying the measure tool. 
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Figure ‎6.6 The original photograph (A) and after transforming to grey scale and applying a B&W threshold (B). 
The efflorescence coverage after n wick phases (IAn) was normalised against the raw sample surface 
appearance (IAraw) yielding the normalised efflorescence coverage after n wick phases (%En): 
    
         
         
  (Equation ‎6.7).  
Deposit identification 
Two samples per set were analysed for efflorescence composition: one by XRD and the second with an 
HCl test. Selected samples were also examined with SEM and analysed with an Energy Dispersive X-Ray 
setup. A detailed description of procedures can be found in Sections 3.4.1, 3.4.4, and 3.5.3. 
6.3 ATM validation 
The ATM was typically carried out under accelerated climate conditions (of 35 ± 2°C and 21 ± 4% RH), 
which raises the question of its dependability. Therefore, an ATM validation was executed by investigating 
whether this procedure reproduced the expected crystallisation behaviour of halite and gypsum.  
6.3.1 Halite efflorescence 
Gypsum is reported to preferentially accumulate within the porous material, what is sometimes explained 
by its low solubility and thus mobility (Charola et al., 2006; Steiger and Heritage, 2012). In contrast, NaCl 
is reported to show high propensity towards abundant efflorescence formation (Rodriguez-Navarro and 
Doehne, 1999). It crystallises under the same mineral form of halite under both laboratory and accelerated 
climate conditions, it thus constitutes a good proxy for validating the efflorescence test and additionally 
evaluating gypsum crystallisation behaviour. To partly account for the effect of low gypsum solubility, the 
NaCl solution was prepared at the same concentration as the gypsum solution (2.2 g/L, solubility of NaCl 
- 357g/L). The sodium chloride setups performance was compared under laboratory and accelerated 
conditions, see Table ‎6.1 for the details on the setups’ design and test protocol.  
The test protocol applied to NaCl setups did not include WW cycling, as NaCl is highly soluble and each 
wetting phase would have likely completely dissolved the precipitated salt. In consequence, the default 
experimental schedule was not followed; instead the setups were subjected to a continuous wick regime. 
This yielded considerable differences in the total wick phase duration for both ‘Accelerated wick’ and 
‘Laboratory wick’ schedules. In addition, the duration of the ‘Laboratory wick’ schedule was extended to 
154 days due to a very slow formation of NaCl efflorescence.  
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Table ‎6.1  Overview of the ATM experiment variations and their settings. The setups’ names are coded according to 
the following scheme: Y-Z, where Y stands for the test solution, while Z describes a deviation from the 
optimal ATM procedure. The test solution is distilled water (W) or a salt – halite (NaCl) or gypsum (G) 
dissolved in distilled water.  
 The Z can stand for:  
- using a silicone adhesive of type 1 or 2 (-S1 or -S2) instead of the hot melt adhesive;  
- using brick samples with cut surface (-CS) instead of ones with original surface; 
- using non-leached brick samples (-NL) instead of leached ones; 
- carrying out the test under laboratory climate conditions (-lab, 24 ± 2°C, 53 ± 7% RH) instead of the 
accelerated ones (35 ± 2°C, 21 ± 4% RH);  
- or carrying out the test under continuous wick conditions (-wick), instead of applying the 
WW cycling.  
In many cases the deviations from the default settings induced modifications to the default experimental 
schedule, hence also the characteristic ‘test duration’ and ‘test solution wick duration’ are provided. The 
darker cells correspond to settings which deviate from the default settings.  
Code Default settings NaCl-wick NaCl-lab wick 
Test solution Any NaCl NaCl 
Adhesive Hot melt Hot melt Hot melt 
Surface Original Original Original 
Leaching Leaching Leaching Leaching 
Climate Accelerated Accelerated Laboratory 
Wick / WW WW Wick Wick 
Schedule 
Default  
(Figure ‎6.2) 
Accelerated wick Laboratory wick 
Test duration 28 days 20 days 154 days 
Test solution  
wick duration * 
8 days 20 days 154 days 
# of setups 4 4 4 
* The ‘test solution wick duration’ does not account either for the wetting phase duration, 
or for the wetting water evaporation during the wick phase. For instance, the optimized 
ATM took 28 days in total, while the wick phases lasted for ten days, out of which eight 
days were spent on the test solution wick. 
Table ‎6.2 shows that both NaCl test variations yielded abundant NaCl efflorescence, therefore the wick 
test under accelerated conditions reproduces correctly the expected efflorescing propensity of 
NaCl (Rodriguez-Navarro and Doehne, 1999). 
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Table ‎6.2  Summary of the ATM experiment on NaCl setups. The efflorescence coverage for the sample shown in 
the picture is followed by the average value ± standard deviation (SD) for a set of four samples. The 
relative mineral content estimated by XRD is approximated: + + + dominantly present, + + present, + 
present in low amounts, ? possibly present, – no efflorescence mineral phase identified. The amount of 
efflorescence which is dissolved by HCl is expressed as: + + + complete dissolution, + + major 
dissolution, + partial dissolution, – no reaction. The efflorescence composition is evaluated based on the 
XRD and HCl test results, the ? mark stands for an unknown efflorescence species. In addition, 
descriptive drying behaviour categorisation is provided together with an overview and magnified sample’s 
photography in the end of the test. A more detailed summary of the initial and final DR, and the final 
efflorescence extent can be found in Section 9.1.2. 
 Setup’s code NaCl-wick NaCl-lab wick 
 Efflorescence coverage 91 (90 ± 4) % 22 (25 ± 9) % 
 XRD + + + Halite + + + Halite 
 HCl test − HCl − HCl 
 Efflorescence composition   Halite Halite 
 Drying rate High DR High DR 
 Overview photography 
  
 Magnified photography 
  
6.3.2 Gypsum efflorescence 
Gypsum shows somewhat particular crystallisation behaviour. It is generally assumed that the location of 
salt crystallisation in porous media coincides with the location of the drying front, i.e. a drying front at the 
surface yields salts crystallisation at the surface (efflorescence), while crystallisation below the surface 
(subflorescence) is induced when the drying front shifts to below the surface. This does not seem to hold 
for gypsum, as it is reported to yield subsurface crystallisation even under experimental conditions 
designed to promote efflorescence formation. Franke and Grabau (1994, 1998) subjected samples of 
historical bricks to a wick test using gypsum solution. No efflorescence developed on the surface even 
after a few weeks, an interval during which a major DR drop was observed. After the experiment samples 
were cut into 2 mm slices, which were then analysed for the content of soluble sulphates, revealing their 
accumulation only in the first 2 mm layer. This experiment was coupled with an SEM-EDS analysis of a 
sample cross-section, which revealed Ca enrichment along a similar depth, confirming the gypsum 
accumulation in this subsurface layer. Similar conclusions can be drawn from a study of Cardell et al. 
(2008). They applied a wick test with gypsum solution to a limestone sample. No efflorescence was 
observed after the test, but the optical microscopy pictures of sample’ cross-sections showed gypsum 
accumulation just below the sample’s drying surface. This subflorescing propensity of gypsum is also 
reported for non-calcareous stones like sandstones (Snethlage and Wendler, 1997) and granites (Charola et 
al., 2006). Gypsum subsurface accumulation was also demonstrated for yet another material type - gypsum 
plaster (Seck et al., 2015). A plaster sample was exposed to cycles of imbibition and drying, which yielded 
no substantial gypsum crystallisation at the surface, but again a major drop in evaporation rate was 
observed. The sample’s pore structure was analysed with X-ray microtomography, what clearly revealed 
formation of a 1 mm deep subsurface zone of a higher density, caused by gypsum crystallising in the 
subsurface porosity. It needs to be underlined that the above discussed experiments provide optimal 
conditions for efflorescence formation i.e. the drying front location is promoted at the sample surface 
while efficient drying conditions enhance efflorescence growth. Nevertheless, gypsum exhibits an 
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apparent tendency for crystallisation just under and within the surface, even under these 
efflorescence-favourable conditions. Moreover, as this phenomenon was reported for a wide range of 
materials, these studies suggest that the subsurface accumulation is not induced by a specific host material 
property, but it is rather a gypsum’s intrinsic property.  
The wick and WW procedures were applied to gypsum solution under both accelerated and laboratory 
climate conditions (Table 6.3). The default experimental schedule (Figure ‎6.2) was followed only for the G 
setups, while continuous wick regimes (Section ‎6.3.1) were applied to the G-wick and G-lab wick test 
variations. In addition, the timing of the ‘Laboratory WW’ schedule (Figure 6.7) differed majorly from the 
default experimental schedule, as the wick phase duration had to be extended to three days to allow for 
complete wetting water evaporation under ‘slower’ laboratory drying conditions. Consequently, the Δtabs = 
2 days was separately estimated from the DR data of the water setups tested under laboratory conditions 
(see W-lab in Table ‎6.13) and applied to calculate the DR (Equation 6.4). 
Table ‎6.3  Overview of the ATM experiment variations and their settings, see Table ‎6.1 for the explanation of the 
setups’ codes and the layout. 
Code G G-wick G-lab G-lab wick 
Test solution CaSO4∙2H2O CaSO4∙2H2O CaSO4∙2H2O CaSO4∙2H2O 
Adhesive Hot melt Hot melt Hot melt Hot melt 
Surface Original Original Original Original 
Leaching Leaching Leaching Leaching Leaching 
Climate Accelerated Accelerated Laboratory Laboratory 
Wick / WW WW Wick WW Wick 
Schedule Default Accelerated wick 
Laboratory WW 
(Figure 6.7) 
Laboratory wick 
Test duration 28 days 20 days 28 days 154 days 
Test solution  
wick duration 
8 days 20 days 10 days 154 days 
# of setups 9 4 4 4 
 
Figure ‎6.7  The ‘Laboratory WW’ experimental schedule for the WW test realised under laboratory climate 
conditions. It majorly deviates from the default experimental schedule in Figure 6.2 (see the text for 
explanation). 
Only gypsum was identified in the ATM samples, including the G-wick and G-lab wick setups, which did 
not visually show any efflorescence (Table ‎6.4), but where the sampling procedure might have picked up 
traces of a very fine, non-distinguishable GE or of a subsurface gypsum deposit. Gypsum accumulation 
was consistently accompanied by a major DR drop in all cases but for the G-lab setups where the 
difference can be attributed to insufficient test duration; this problem is further discussed in Section ‎6.4.3. 
The NaCl setups tested under the same conditions and at the same concentration showed High DR and 
yielded considerable efflorescence (Table ‎6.2), the low solubility of gypsum cannot hence solely account 
for the generally rare occurrence of its surface accumulations on building materials. This specific gypsum 
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behaviour was observed under both laboratory and accelerated conditions, the DR drop was hence neither 
related to a specific drying regime.  
Table ‎6.4 Summary of the ATM experiments on gypsum setups, the table layout is explained in Table ‎6.2. 
G G-wick G-lab G-lab wick 
11 (13 ± 4) % 2 (3 ± 1) % 4 (2 ± 1) % 0.5 (0.4 ± 0.3) % 
+ + + Gypsum + Gypsum + Gypsum + Gypsum 
− HCl − HCl − HCl − HCl 
Gypsum Gypsum Gypsum Gypsum 
DR drop DR drop High DR DR drop 
    
    
 
 
 
Figure ‎6.8  Left: SEM images of a cross-section sample taken from a gypsum (G) setup, the red dotted line marks 
the brick core’s outer surface. Right: magnification of the dashed region of the corresponding image on 
the left. The arrows indicate three points probed with EDS: EDS(1), EDS(2), and EDS(3). 
EDS(1) 
EDS(2) EDS(3) 
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Multiple cross-section samples were taken from the gypsum (G) setups and analysed with SEM, see two 
examples in Figure ‎6.8. A consistent pattern was observed in all of them: the pores close to the surface 
were heavily filled with densely packed stacks of gypsum crystal plates, as identified by the EDS analysis 
(EDS(1): CaO 47 mol%, SO3: 49 mol%; EDS(2): CaO 49 mol%, SO3: 48 mol%; EDS(3): CaO 50 mol%, 
SO3: 48 mol%).  
 
  
Figure ‎6.9 Computer tomography images taken on a brick sample from a gypsum (G) setup. Both images show (the 
same) part of the sample’s cross-section situated 350µm below the sample’s surface. The image A is taken on the 
original sample, while the image B is taken after subjecting the sample to a leaching procedure (Section 6.2.2) in 
order to remove the accumulated gypsum. The images were collected with GE Nanotom set at 80kV and 160 
microA using a 0.5 mm Al filter (courtesy of Steven Claes, Building Physics Section, KU Leuven). 
A more in-depth investigation of gypsum pore-clogging and its effect on transport properties, combining 
the experimental approach with numerical modelling is addressed in a separate coupled project carried out 
at the Building Physics Section of the Civil Engineering Department, KU Leuven by Jelena Todorovic and 
Hans Janssen (2014, 2015). In the framework of this project, a brick sample from the gypsum (G) setup 
was analysed by computer tomography (Figure ‎6.9). The dark colours correspond to areas of low density 
(e.g. pores) while the bright areas to dense sample’s components (e.g. sand, fired clay, gypsum). Image A 
shows a cross-section from the original wicking sample, while image B presents the same cross-section 
collected after subjecting the sample to a leaching procedure (Section 6.2.2) to remove the accumulated 
gypsum. Comparison of both images shows that gypsum accumulated on the walls of the large pore, but 
was removed by the leaching procedure. Similar observations can be made for the fine pores surrounding 
the macropore – in the original image (A) these fine pores are difficult to distinguish within the brick’s 
volume due to gypsum presence, while after leaching (B) a system of interconnected pores can be 
discerned. This confirms gypsum’s propensity towards subsurface accumulation, which is hence likely 
responsible for constraining the wicking process and for resultantly inducing the observed major DR 
drop. While both SEM and X-ray tomography allow visualising this phenomenon, it can be conveniently 
identified with a combination of the drying rate and mineral composition analyses. The latter approach is 
used in this thesis to identify cases of gypsum pore clogging for the tested ATM setups. 
A salt’s propensity for efflorescence or subflorescence formation may be also related to whether the salt 
crystallisation is initiated at the liquid-air (e.g. wet brick surface) or the solid-liquid (e.g. brick pore surface) 
interface. In the former case efflorescence formation is more probable, while the latter may induce 
subsurface accumulation and possibly explains the observed gypsum subflorescing tendency. 
Crystallisation experiments in glass capillaries simulate the drying and crystallisation process in porous 
materials and allow observing the interface on which the crystallisation is initiated. NaCl and Na2SO4 were 
investigated in this way (Rodriguez-Navarro and Doehne, 1999; Shahidzadeh-Bonn et al., 2008), however, 
gypsum has not been yet addressed and should be the subject of future research. 
A B 
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The accelerated test yielded gypsum accumulation below the sample surface, hence correctly reproducing 
its reported crystallisation behaviour, but remaining at odds with the commonly observed GE 
phenomenon, though. These controversies are further addressed in the following sections. 
Gypsum: experimental subflorescence vs field efflorescence 
The accelerated test on gypsum solution provided an unlimited GE source and optimal conditions for fast 
GE formation. Nevertheless, Table ‎6.4 shows that the test yielded slight GE only, as compared to the 
characteristic abundant deposits found in the field, illustrated by photographs in Table 4.1. Though being 
controversial, this discrepancy is in line with the British brick industry experiences. Many thousands of 
millions of bricks with considerably high levels of anhydrite were used in the UK for over a century, and 
only very few efflorescence problems were reported (Bowler and Fisher, 1989). These cases hence stay in 
agreement with the ATM test applied to gypsum solution. The lack of efflorescence on these old buildings 
might be explained by gypsum subsurface accumulation; however this hypothesis has not been 
experimentally proven on the masonry samples. On the other hand, extensive gypsum subsurface 
enrichment is well documented for numerous historical German masonry constructions affected by black 
gypsum crusts formation (Franke and Schumann, 1998). While the crust formed from a reaction between 
masonry surface and air pollution, the considerable gypsum subsurface accumulation was likely formed 
upon gypsum recrystallisation and confirms its tendency for subsurface precipitation. If this hypothesis is 
true, then it implies that while a sufficient GE-source presence is necessary, it is by itself not sufficient to 
yield abundant GE. As the GE problem has started to occur in the UK only in the 80’s (Bowler and 
Winter, 1996), it might have been triggered by introduction of some extra factor(s). Indeed, Bowler et al. 
(1997, 1998) have already demonstrated that gypsum crystallisation at the surface of masonry can be 
triggered by surfactant based masonry mortar admixtures. Calcium sulphate is a ubiquitous component of 
various building materials, but gypsum deposits are only rarely reported to accumulate on their surface 
upon drying (Seck et al., 2015). This rare occurrence might therefore be a consequence of both its 
tendency to crystallise below the surface and its limited solubility.  
The factors determining crystallisation location 
The crystallisation location depends on the complex interplay between many factors, like the properties of 
the supersaturated solution, the drying conditions, the properties of the transport medium’s surface, and 
the crystal growth pattern (Rodriguez-Navarro and Doehne, 1999). The first parameter is of importance 
for highly soluble salts of which supersaturated solutions may show significantly altered viscosity and 
surface tension. Nevertheless, this should not be significant for the scarcely soluble gypsum. We have 
moreover demonstrated that, on the one hand, gypsum’s tendency for subflorescence formation is not 
directly related to the drying rate. On the other hand, formation of sodium chloride efflorescence shows 
that the brick porous matrix is not a barrier itself for crystallisation at the surface. It appears hence that the 
propensity for efflorescence formation may be mineral-specific, as shown on the example of efflorescing 
halite and subflorescing gypsum. It is not clear though, whether the origin of this behaviour is a specific 
crystal growth or other mineral related parameter. In addition, the salt’s crystallisation behaviour may be 
affected by even small amounts of accessory substances, as demonstrated by the mortar admixtures effect 
(Bowler and Winter, 1997; Bowler and Sharp, 1998), which is further addressed in the next chapter. 
6.4 ATM development 
The optimised setup and protocol as presented in Section 6.2 did not come about as a one-step evolution 
from the basic wick test.  Instead, preliminary experiments realised with the basic wick test revealed many 
flaws in its design and yielded unreliable results. The test was progressively improved, and numerous 
modifications were applied until a robust test was obtained. The improvements are discussed in the 
following sections. 
6.4.1 Efflorescence quantification  
The main aim of the designed test was to evaluate and compare the efflorescence extent on different 
ATM setups. It was realised both by means of a visual assessment and digital image analysis. However, 
efflorescence evaluation proved to be difficult, as its appearance is sensitive to many factors. First, its 
appearance depends on the brick colour and texture. It can be easily noticed in the field, where 
efflorescence on dark buildings is much more striking than on light coloured masonry. Nevertheless, this 
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problem was resolved by using consistently the same dark-coloured brick type as a transport medium over 
the whole research project duration. Secondly, its appearance depends highly on the dryness of the 
surface, as even field efflorescence cases which appear severe during dry summer days, turn much less 
pronounced during rainy autumn periods. The same was observed for the ATM setups during the test and 
after brick sample drying. Thirdly, light conditions highly influence efflorescence appreciation, bright light 
making it more contrasting with the brick background. Finally, while the image analysis provides a 
convenient numerical expression of the discoloration extent, it does not account for the specific 
appearance of abundant GE which is indicative of a high GE-risk.  
Efflorescence dryness 
During the optimised ATM test a brick sample and its surface stayed saturated with a test solution or the 
wetting water, which altered the efflorescence’s visibility. The brick sample photographs were hence 
collected only after drying the samples over a weekend. The effect of drying is demonstrated on 
additionally collected photographs before and after the weekend drying phase (Table ‎6.5). When dry, 
white efflorescence was well visible, strongly contrasting with the dark brick sample surface. The white 
appearance was due to translucency, the ability for light scattering of a dry and finely crystalline deposit. 
However, surface wetness changed the efflorescence’s optical properties from translucent to transparent, 
thus allowing light to pass through it without scattering. As a result, the deposit became barely discernible 
from the brick’s surface, regardless of its considerable presence at the surface. Drying the samples before 
efflorescence evaluation is hence necessary to yield a reliable efflorescence extent assessment.  
Table ‎6.5  Comparison of the overview and magnified samples’ photographs; from left to right: before the test 
(Raw), after the 4th wetting phase (Wet), after the weekend drying phase (Dried) and after the 5th wetting 
phase (Wet). The values provided in brackets next to the setup’s code are the sample’s %E. 
Raw (0.0) Wet (0.5) Dried (2.0) Wet (0.1) 
    
    
Repeatability 
The setups’ photographs were taken over many months at different times of the day, while the 
efflorescence appearance depends strongly on the light conditions. The photography stand and camera 
settings were thus adjusted to create stable light conditions and produce repeatable photographs with well 
visible efflorescence. The repeatability was assessed by taking triplicate photographs of the same gypsum 
setup every day over five days. This yielded low variation in the efflorescence coverage of about 10.3 
(± 1.0%) (Figure ‎6.10), which is negligible compared to the data scatter reported for the investigated 
setups (see an overview of the %E results in Section 9.1.2). 
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Figure ‎6.10 Repeatability of the efflorescence coverage quantification. 
Abundant efflorescence quantification 
The %E quantifies the spatial efflorescence coverage, but does not distinguish between intergrain and 
abundant efflorescence cases. The latter is a characteristic feature of GE observed for the FS cases (Table 
4.1), and is hence indicative of a high GE-risk. However, the digital image analysis may lead to misleading 
results when applied to evaluating efflorescence abundance, which can be illustrated comparing the 
NaCl-lab wick and W-S2 sets (Table ‎6.6).  
Table ‎6.6  Overview of the ATM experiment variations and their settings, see Table ‎6.1 for the explanation of the 
setups’ codes and the layout. 
Code NaCl-lab wick W-S2 
Test solution NaCl Water 
Adhesive Hot melt Silicone 2 
Surface Original Original 
Leaching Leaching Leaching 
Climate Laboratory Accelerated 
Wick / WW Wick WW 
Schedule Laboratory wick Default 
Test duration 154 days 28 days 
Test solution  
wick duration 
154 days 8 days 
# of setups 4 4 
 
Table ‎6.7 shows that the NaCl-lab wick setup yielded locally abundant efflorescence, but its average %E 
was at a similar level as for the W-S2 setup, which yielded only insignificant drape-like efflorescence. In 
order to evaluate GE-risk it is therefore necessary to additionally distinguish abundant GE cases visually, 
and this was applied in the GE source and factors evaluation studies addressed in the following Chapter 7. 
The %E value was hence used secondary to the visual assessment. 
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Table ‎6.7 Summary of ATM experiments, the table layout is explained in Table ‎6.2. 
NaCl-lab wick W-S2 
22 (25 ± 9) % 22 (19 ± 6) % 
  
  
6.4.2 Inert adhesive 
The brick samples were initially sealed into the plastic lids using a silicone adhesive. However, upon 
inadvertently changing the brand of silicone product it was observed that this had a major impact on the 
GE extent. The effect of adhesive was assessed on water (W, W-S1 and W-S2) and gypsum (G, G-S1 and 
G-S2) setups sealed with two popular silicone products (S1 and S2) and with a hot melt adhesive (G and 
W sets), see Table ‎6.8.  
Table ‎6.8  Overview of the ATM experiment variations and their settings, see Table ‎6.1 for the explanation of the 
setups’ codes and the layout. 
Code G G-S1 G-S2 
Test solution CaSO4∙2H2O CaSO4∙2H2O CaSO4∙2H2O 
Adhesive Hot melt Silicone 1 Silicone 2 
Surface Original Original Original 
Leaching Leaching Leaching Leaching 
Climate Accelerated Accelerated Accelerated 
Wick / WW WW WW WW 
Schedule Default Default Default 
Test duration 28 days 28 days 28 days 
Test solution 
wick duration 
8 days 8 days 8 days 
# of setups 9 4 4 
Code W W-S1 W-S2 
Test solution Water Water Water 
Adhesive Hot melt Silicone 1 Silicone 2 
Surface Original Original Original 
Leaching Leaching Leaching Leaching 
Climate Accelerated Accelerated Accelerated 
Wick / WW WW WW WW 
Schedule Default Default Default 
Test duration 28 days 28 days 28 days 
Test solution  
wick duration 
8 days 8 days 8 days 
# of setups 7 4 4 
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While the average DRs for the water setups varied considerably (Figure ‎6.11 A), they showed high SDs 
and hence it cannot be concluded that the adhesive quality affected the wick performance. The overlap of 
results can be clearly noticed on the scatter graphs comparing the initial and final DRs (Figure 9.1 A and 
B). This high variation in DR is likely related to uneven drying conditions in the volume of the climate 
cabinet. This problem is also addressed in this study, but restricted to investigating the effect of location 
on the extent of formed GE (Section 6.4.8) by using setups with gypsum solution. While in some cases 
this high variation may not allow to compare the average magnitude of DR, it still allows to assess the 
trend of DR, and detecting a DR drop is the main reason for applying this procedure. Nevertheless, this 
particular problem should be addressed in the future. The effect of location on the drying rate can be 
investigated in a similar way as in Section 6.4.8, by using water ATM setups instead of the gypsum ones. 
Improvement of the air circulation installation in the climate cabinet may possibly reduce this undesirable 
effect. 
  
 
 
Figure ‎6.11 Drying rate evolution of the WW water and gypsum setups (A and B) and efflorescence coverage 
progression for the gypsum setups (C). Data shown as average ± SD. 
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In contrast, the gypsum setups’ performance was greatly affected by the adhesive quality, as illustrated by 
photographs showing massive GE formation on the silicone S1 setups, contrary to slight GE on the hot 
melt (G) and moderate GE on silicone S2 setups (Table ‎6.9). The DR (Figure ‎6.11 B) and %E 
(Figure ‎6.11 C) evolution graphs show that the GE growth was directly linked to the DR behaviour. The 
major DR drop observed for the hot melt setups (G) inhibited any further GE growth. In contrast, the 
high DR for the G-S1 setups sustained gypsum solution transport to the surface and continuous GE 
accumulation. The silicone G-S2 setups showed intermediate behaviour, a major DR drop was also 
observed but a considerable DR was maintained after it and allowed hence for a slow but steady GE 
growth.  
Table ‎6.9  Summary of the ATM experiments on the effect of adhesive, the table layout is explained in  
Table ‎6.2. 
G G-S1 G-S2 
11 (13 ± 4) % 92 (90 ± 6) % 52 (46 ± 12) % 
+ + + Gypsum + + + Gypsum + + + Gypsum 
− HCl − HCl − HCl 
Gypsum Gypsum Gypsum 
DR drop High DR Moderate DR drop 
   
   
The gypsum subflorescing propensity as observed for the hot melt adhesive setups is in agreement with 
the previous experimental results on wick and drying tests applied to gypsum solution (Franke and 
Grabau, 1994; Franke and Grabau, 1998; Seck et al., 2015). In contrast, the application of silicone 
adhesives yielded moderate to massively abundant GE. No major effect on the water setups’ performance 
tells that the adhesives did not directly affect the wick performance. On the other hand, the close-up 
efflorescence photographs demonstrate that GE exhibited different morphologies depending on the 
adhesive quality: from compact intergrain filling for hot melt (G), through compact surface layer (G-S2) to 
abundant crust (G-S1) for silicone adhesives. It is hence likely that some components of silicone altered 
the gypsum crystallisation behaviour, in turn enhancing its surface accumulation. The complete 
composition of both commercial silicone products was not provided by producers, but some information 
was available from the safety data sheets regarding content of potentially dangerous substances in (Table 
6.10). While their composition was clearly very different, the effect of those specific components on 
gypsum crystallisation behaviour is difficult to assess. Addressing this problem requires first determining 
which silicone components are water soluble and hence can possibly migrate during the wick experiment 
from the sealant towards the brick surface. In the next step these water soluble components could be 
separately tested for their effect on gypsum crystallisation behaviour using e.g. the ATM setup with 
solution composed of the identified component mixed with gypsum solution.  This is however outside of 
the scope of this project. 
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Table ‎6.10 Partial composition of S1 and S2 silicones derived from their safety data sheets. 
S1 S2 
<5% vinyltrimethoxysilane 
        (cross-linking agent) 
<10% non-specified petroleum distillates 
0.1-<1% Methyltris(methylethylketoxime)silane 
0.1-<1% Vinyltris(methylethylketoxime)silane 
0.1-<1% 2-Butanone oxime 
0.1-<5% Methyltris(methylisobutylketoxime)silane 
The minerals’ crystallisation behaviour is sensitive to the presence of other substances, e.g. surfactants 
(Canselier, 1993). Numerous substances like copolymers (Montagnino et al., 2011), polycarboxylic acids 
(Badens et al., 1999), citric and tartaric acid, and setting retarders (Middendorf and Budelmann, 1995) have 
been reported to majorly modify gypsum growth morphology and habit. It is hence plausible that some 
components present in commercial silicones migrated to the brick sample and may have altered the 
gypsum crystallisation behaviour. In contrast, the hot melt adhesives do not contain additional 
components, and their sealing mechanism is based on a purely physical reaction of melting and 
solidification.  
The choice of an adhesive for a crystallisation test is critical, and care should be taken to select an inert 
and solvent-free sealant. As demonstrated, a seemingly simple and robust crystallisation test could yield 
completely unreliable results when common silicone adhesives are used. Moreover, the tests have also 
demonstrated that while gypsum shows an intrinsic propensity towards subsurface accumulation, this 
property is very sensitive to the presence of even minor amounts of accessory substances. 
6.4.3 Climate conditions 
Gypsum efflorescence takes a couple of years to develop under field conditions, while its reproduction 
under laboratory conditions was accomplished only after at least one year (Bowler and Winter, 1997; 
Bowler and Sharp, 1998). In the present study accelerated climate conditions (35 ± 2°C and 21 ± 4% RH) 
were applied to accelerate its reproduction, and were compared with the laboratory ones (24 ± 2°C, 53 ± 
7% RH). The effect of climate conditions on the rate of efflorescence formation was assessed on water, 
gypsum, and sodium chloride setups. 
Table ‎6.11 shows that the difference in the drying conditions between the laboratory (W-lab wick) and 
accelerated conditions (W-wick) translated to a 17 times higher average DR for the latter. The vapour 
pressure difference between surface and environment calculated according to the Arden Buck equation 
(Buck, 1981), under the ‘accelerated’ and ‘laboratory’ conditions are 4.5 kPa and 1.4 kPa, respectively, thus 
they did only partly contribute to such a high difference in the DR. It is hence the higher air flow in the 
climate chamber which mainly enhanced this effect. 
The effect of accelerated drying conditions on the efflorescence formation was evident for the NaCl 
setups, resulting in a rapid formation of an extensive deposit (see NaCl-wick photographs in Table ‎6.2). It 
was also reflected in a 14 times higher average DR than under laboratory conditions (Table ‎6.11). Under 
accelerated conditions efflorescence was initiated very early, after only two days, while it took more than 
122 days under laboratory conditions. This long delay might be explained by a high supersaturation 
necessary for triggering NaCl crystallisation, which was achieved much slower under laboratory 
conditions. The slower evaporation rate might also facilitate the diffusion process to counteract advection, 
further delaying supersaturation and NaCl precipitation. 
Table ‎6.11 Average drying rates of the water and sodium chloride setups. 
Setup 
Average DR 
[kg/(m
2
·day)] 
W-wick 34 ± 6 
W-lab wick 2.1 ± 0.2 
NaCl-wick 23 ± 4 
NaCl-lab wick 1.61 ± 0.04 
Figures 6.12 A and B present the DR evolution of wick setups under accelerated and laboratory 
conditions, respectively. The W-wick set (Figure 6.12 A) exhibits two characteristic minima in DR at 10 
and 16.5 days. These were caused by a complete evaporation of the test solution from some W-wick 
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setups. The wick process and evaporation were hence terminated, what resulted in reducing the average 
DR. The setups were refilled with water after noticing the problem. The W-lab wick and Na-Cl wick 
setups (Figure 6.12 B) show substantial DR fluctuations after 80 days. Both setups were tested under 
laboratory conditions and these fluctuations were caused by a malfunction of the air-conditioning system. 
 
 
Figure ‎6.12  Drying rate evolution of the wick setups under accelerated (A) and laboratory conditions (B). Data 
shown as average ± SD. 
The NaCl test solution transport to the surface was not majorly constrained by pore clogging, as NaCl 
efflorescence resulted only in a slight DR reduction as compared to the water setups (Figure ‎6.12 A and 
B). This allowed for uninterrupted NaCl efflorescence accumulation over time. On the contrary, the effect 
of the fast drying conditions for gypsum setups was abruptly quenched by the pore clogging effect of 
gypsum, majorly hindering the DR. It could be observed for both wick (G-wick set in Figure ‎6.12 A) and 
WW (G set in Figure ‎6.13 A) gypsum setups under accelerated conditions. The major DR drop was also 
observed for the wick gypsum setup under laboratory conditions (G-lab wick, Figure ‎6.12 B), but not for 
the WW one (G-lab, Figure ‎6.13 B). The latter followed strictly the DR of the appropriate water setups 
(W-lab). Under laboratory conditions the DR drop for gypsum wick setups (G-lab wick, Figure ‎6.12 B) 
progressed slowly and was mostly accomplished only after some 50 days. The duration of the test solution 
wick for the G-lab setups of 10 days (Figure ‎6.13 B) was hence insufficient to suppress DR what explains 
the lack of a DR drop. Both W-lab and G-lab sets exhibited similar fluctuations in DR, which were caused 
by a malfunction of the air-conditioning system. 
A DR drop translates into a major restraint on the gypsum solution transport to the surface, which must 
also affect GE formation. Figure ‎6.11 C shows that indeed GE growth has been completely inhibited 
already after 4 wick phases for the gypsum WW set (G).  
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Figure ‎6.13  Drying rate evolution of the WW setups under accelerated (A) and laboratory conditions (B). For the 
latter no significant difference was observed between gypsum (G-lab) and water (W-lab) setups, see 
the text for explanation. Data shown as average ± SD.  
Table ‎6.12 summarizes characteristic data derived from the gypsum DR plots, comparing the DR before 
(Initial DR) and after the transition to the low DR phase (Transition DR), and the time and amount of 
gypsum solution needed to accomplish this transition. 
Table ‎6.12  Comparison of characteristic data derived from DR plots for wick and WW gypsum setups under both 
climate conditions. There is no data available for the G-lab setups, as the wick phase duration was too 
short to induce a DR drop. Data shown as average ± SD. The amount of gypsum solution [kg/m2] was 
calculated from the cumulative evaporation (Equation 6.6).  
Setup 
Initial DR 
[kg/(m
2
·day)] 
DR drop duration 
[days] 
Transition DR  
[kg/(m
2
·day)] 
Gypsum solution 
[kg/m
2
] 
G-wick 28 ± 5 3.3 1.4 ± 0.1 22 ± 9 
G 25 ± 1 
3.4  
(6 wick phases) 
0.6 ± 0.7 37 ± 4 
G-lab wick 2.6 ± 0.2 55 0.13 ± 0.05 53 ± 8 
G-lab 2.3 ± 0.2 Total = 10 days – – 
Similarly as for the water and sodium chloride setups, the initial DR for gypsum was majorly higher under 
the accelerated conditions compared to the laboratory ones. Nevertheless, the beneficial effect of the fast 
drying was abruptly suppressed, as the DR dropped by a factor of 40 after about six wick phases for the G 
setup and by a factor of 20 after three days for the G-wick setups. The same effect was observed under 
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laboratory conditions, though it was taking place less rapidly and less extensively. For the ‘G-lab wick’ 
setup, the transition was accomplished after about 55 days, yielding a DR decrease by a factor of 20. This 
was also associated with a two times higher amount of gypsum solution evaporated during the slow 
transition, than under the accelerated conditions. A higher amount of gypsum could be hence 
accumulated during a slow process, before the DR drop was accomplished. This indicates that the amount 
of accumulated gypsum is not directly related to the DR drop. Instead, its distribution in the pore 
structure is likely to have a more profound effect in decreasing the permeability. 
The acceleration of efflorescence formation by applying a more severe drying regime can be theoretically 
achieved for the less soluble gypsum, but is constrained by its subflorescing propensity. Abundant NaCl 
efflorescence could be formed after a couple of days of a wick test under accelerated conditions, 
compared to 122 days under laboratory ones. In contrast, gypsum would not form abundant surface 
deposits regardless of climate conditions and test duration. However, gypsum surface accumulation could 
be triggered in presence of accessory substances, as demonstrated on the example of the G-S1 setup 
(Table ‎6.9), which was discussed in Section 6.4.2. Under such conditions gypsum behaved similarly to 
sodium chloride, yielding abundant GE already within a few days, taking advantage of the ‘fast’ drying 
conditions. This demonstrates that the accelerated climate conditions could remarkably shorten the GE 
test duration, given the presence of GE-triggering factors.  
6.4.4 Sample leaching 
Preliminary experiments on raw brick samples fed with demineralised water yielded a quick formation of 
considerable efflorescence, the source of which was evidently the brick sample itself. In case of evaluating 
a GE source introduced into the test solution, the sample-derived efflorescence component would 
interfere the GE-source evaluation. This undesirable effect was limited by subjecting the brick cores to a 
leaching procedure. The raw brick samples (W-wick NL set) and the leached ones were ATM-tested with 
pure water to assess the effectiveness of the leaching procedure (Table ‎6.13).  
Table ‎6.13  An overview of the ATM experiment variations and their settings, see Table ‎6.1 for the explanation of 
the setups’ codes and the layout. 
Code W-wick NL W-wick W W-lab W-lab wick 
Test solution Water Water Water Water Water 
Adhesive Hot melt Hot melt Hot melt Hot melt Hot melt 
Surface Original Original Original Original Original 
Leaching None Leaching Leaching Leaching Leaching 
Climate Accelerated Accelerated Accelerated Laboratory Laboratory 
Wick / WW Wick Wick WW WW Wick 
Schedule Accelerated wick Accelerated wick Default Laboratory WW Laboratory wick 
Test duration 20 days 20 days 28 days 28 days 154 days 
Test solution  
wick duration 
20 days 20 days 8 days 10 days 154 days 
# of setups 4 4 7 4 4 
Table ‎6.14 shows that the former yielded gypsum and calcite efflorescence, while XRD analysis of the rest 
did not reveal presence of efflorescence minerals in the sample. On the other hand, the HCl test resulted 
in different degrees of reaction with the sample surface, often leaving behind efflorescence of HCl 
insoluble species. Therefore the water setups’ efflorescence was classified mostly as calcite (CaCO3) 
or/and unknown species. It is likely that either both components were amorphous, or in insufficient 
amount to be identified by XRD. 
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Table ‎6.14  Summary of the ATM experiments on the effectiveness of sample leaching, the table layout is explained 
in Table ‎6.2. 
W-wick NL W-wick W W-lab W-lab wick 
36 (42 ± 12) % 27 (26 ± 6) % 16 (15 ± 5) % 0.4 (0.6 ± 0.2) % 0.2 (0.3 ± 0.2) % 
+ + Gypsum − − − − 
+ + HCl + + HCl + + HCl − HCl + + + HCl 
Gypsum & Calcite Calcite & ? Calcite & ? ? Calcite 
Moderate DR drop High DR High DR High DR High DR 
     
     
The leaching procedure was hence partially effective, removing the GE source, but the calcite and 
unknown species efflorescence sources were preserved. This also finds confirmation in their DR 
behaviour (Figure ‎6.14): gypsum identified in the non-leached samples led to a moderate DR drop, while 
the leached samples maintained high DR over the test duration.  
 
Figure ‎6.14 Drying rate evolution of the wick setups under accelerated conditions. Data shown as average ± SD. 
The leached sample subjected to WW procedure (W) similarly yielded efflorescence composed of calcite 
and unknown species accompanied by a high and stable DR (Table ‎6.14). Its surface analysis with a 
stereomicroscope revealed some local inter-grain deposit formation (Figure ‎6.15 A). A thin drape of a few 
micrometres thickness could be observed on a cross-section imaged with SEM (Figure ‎6.15 B). SEM-EDS 
analysis has shown presence of 49mol% CaO, 28mol% of SiO2 and a few other oxides. This is consistent 
with calcite formation on a brick matrix rich in SiO2, what was also confirmed by the HCl test. 
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Figure ‎6.15  Surface (A) and cross-section (B) images of the W sample tested under the accelerated conditions, 
pictures taken with a stereomicroscope (A) and SEM (B). 
However, no or scarce sample-derived efflorescence was observed for the water setups under the 
laboratory conditions (W-lab and W-lab wick in Table ‎6.14). It appears therefore that this effect took place 
exclusively under the accelerated conditions, or was significantly delayed under the laboratory ones. 
Indeed, the difference in the drying conditions can be translated into a 17 times higher initial DR for the 
water samples under the accelerated conditions (Table ‎6.11 and a paragraph above it). 
Most importantly, the applied leaching procedure was effective against the GE source leaching, even 
though the calcite and unknown efflorescence species sources were preserved. The efflorescence derived 
from a sample might hence contribute to efflorescence formation during source evaluation and lead to 
%E overestimation. On the other hand, the sample-derived efflorescence does not exhibit the specific GE 
aspect found under field conditions, i.e. local abundant accumulations, therefore it has a limited effect on 
the GE-risk evaluation. Moreover, apparently the sample derived species did not interfere with GE 
formation on the gypsum setups, which consistently yielded pure GE only (Table ‎6.4). It was likely caused 
by fast gypsum pore-clogging which hindered any further efflorescence formation, including accumulation 
of the efflorescence species derived from the brick sample. 
6.4.5 Brick surface quality 
Ceramic bricks are typically surface-covered with sand, to give them a more desirable appearance. This is 
achieved in the production process, where sanded clots of clay are thrown into sanded moulds and then 
fired. The efflorescence formation is a surface phenomenon, hence it takes place mostly on the thin layer 
of brick sanding covering the majority of the brick surface, even though fired clay mix is virtually the only 
brick component. Fired bricks are often characterised by very fine pores of < 10 µm, but these may not be 
representative for the local and considerably coarser porosity of the brick sanding layer. It has been 
reported that the morphology of sodium chloride efflorescence depends on the porosity of a homogenous 
drying medium (Nachshon et al., 2011; Eloukabi et al., 2013), and this brings up the question on the effect 
of brick’s heterogeneous porosity on GE formation.  
Table ‎6.15  Overview of the ATM experiment variations and their settings, see Table ‎6.1 for the explanation of the 
setups’ codes and the layout. 
Code G G-CS W W-CS 
Test solution CaSO4∙2H2O CaSO4∙2H2O Water Water 
Adhesive Hot melt Hot melt Hot melt Hot melt 
Surface Original Cut surface Original Cut surface 
Leaching Leaching Leaching Leaching Leaching 
Climate Accelerated Accelerated Accelerated Accelerated 
Wick / WW WW WW WW WW 
Schedule Default Default Default Default 
Test duration 28 days 28 days 28 days 28 days 
Test solution  
wick duration 
8 days 8 days 8 days 8 days 
# of setups 9 4 7 4 
A B 
100 µm 
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It was addressed by comparing brick samples with the original sanded stretcher surface (G and W) with 
ones having this surface cut off (G-CS and W-CS), exposing the bulk brick material (Table ‎6.15). 
However, no significant differences were found between the setups, neither in terms of efflorescence 
appearance and extent (Table 6.16), nor in wick behaviour (Figure ‎6.16). It was therefore decided to carry 
out the tests using brick samples with original brick surfaces, to keep the test representative of field 
conditions.   
Table ‎6.16  Summary of the ATM experiments on the effect of brick surface quality, the table layout is explained in 
Table ‎6.2. 
G G-CS W W-CS 
11 (13 ± 4) % 9 (8 ± 4) % 16 (15 ± 5) % 7 (14 ± 10) % 
+ + + Gypsum + + + Gypsum − − 
− HCl − HCl + + HCl + HCl 
Gypsum Gypsum Calcite & ? Calcite & ? 
DR drop DR drop High DR High DR 
    
    
 
  
 
Figure ‎6.16 Drying rate evolution of the WW gypsum and water setups (A and B). Data shown as average ± SD. 
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6.4.6 Wick-wetting protocol 
The basic wick test simulated solely the process of continuous wick of the test solution. By contrast, under 
field conditions the drying of masonry is frequently interrupted by wind-driven rain hitting the drying 
surface, being absorbed and then evaporated. The test was hence adapted to simulate the actual masonry 
conditions by alternating wick phases with wetting ones. The effect of the WW procedure was compared 
to the pure wicking on gypsum setups, see Table ‎6.17. 
Both gypsum WW (G) and wick (G-wick) setups under accelerated conditions quickly yielded a major DR 
drop, see Figure ‎6.16 A and Figure ‎6.12 A, respectively. It entails no GE formation at all for the former, 
while the application of frequent wetting yielded slight, intergrain GE (Table ‎6.18). However, the GE 
growth for the WW setup was inhibited already after four wick phases (Figure ‎6.11 C).  
Table ‎6.17  Overview of the ATM experiment variations and their settings, see Table ‎6.1 for the explanation of the 
setups’ codes and the layout. 
Code G G-wick 
Test solution CaSO4∙2H2O CaSO4∙2H2O 
Adhesive Hot melt Hot melt 
Surface Original Original 
Leaching Leaching Leaching 
Climate Accelerated Accelerated 
Wick / WW WW Wick 
Schedule Default Accelerated wick 
Test duration 28 days 20 days 
Test solution  
wick duration 
8 days 20 days 
# of setups 9 4 
Table ‎6.18  Summary of the ATM experiments on the effect of the WW procedure, the table layout is explained in 
Table ‎6.2. The two last columns provide images and data on the field survey cases of GE. 
G G-wick FS24 FS29 
11 (13 ± 4) % 2 (3 ± 1) % NA NA 
+ + + Gypsum + Gypsum 
+ + + Gypsum,  
+ Calcite 
+ + + Gypsum, 
? Calcite 
− HCl − HCl NA NA 
Gypsum Gypsum Gypsum & calcite 
Gypsum & possibly 
calcite 
DR drop DR drop FS24 FS29 
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The DR calculation for every WW setup was corrected for the wetting water evaporation. The very low 
level of DR after the DR drop is hence related to the test (gypsum) solution wick only, and infers that the 
wetting water had completely evaporated from the setup during each wick phase. The DR drop was thus 
cyclically induced upon the test (gypsum) solution wick. Based on the available data we formulate the 
following hypothesis explaining this controversial behaviour. 
Table ‎6.12 shows that the DR drop is mostly completed after 3.4 days (equivalent to six wick phases), 
during which water from about 26g of gypsum solution evaporated via the top sample surface leaving 
gypsum behind. For the wetting procedure 3ml of water was used, which was then able to dissolve only a 
small fraction of the accumulated gypsum. Nonetheless, it effectively restored the sample’s permeability 
and allowed for wetting water evaporation, even though much gypsum was still present in the sample 
pores. It is plausible then that during the ATM test most of the accumulated gypsum narrowed the pores, 
without completely closing them, allowing for a test solution wick. The DR drop was then caused by an 
increasing number of pores becoming completely blocked by gypsum-plugs. Once a pore gets clogged, the 
evaporation is arrested and no further gypsum accumulation can take place, suggesting that the pore plugs 
are relatively fine and susceptible to dissolution even with a low amount of wetting water. 
The WW gypsum tests showed that although a low amount of gypsum may initially crystallise at the 
surface, its further growth was quickly inhibited by pore clogging. However, these short episodes of 
surface accumulation may be repeated by wetting cycles, reopening the pores and progressively leading to 
slight efflorescence formation. Even though frequent wetting appears to contribute to GE formation, 
photographs in Table ‎6.18 show that it did not result in reproducing abundant GE as found in the field 
survey cases.  
The wetting ring served an additional role by reducing variation of the evaporation flux over the sample 
surface and hence assuring even efflorescence growth. Localised crystallisation at the sample’s peripheries 
was reported for non-shielded setups, and the beneficial effect of applying a barrier surrounding the 
sample surface was reported by Veran-Tissoires et al. (2012). Indeed, all the setups but the NaCl ones 
under laboratory conditions (Table ‎6.2) yielded an evenly distributed efflorescence, what facilitated 
GE-risk evaluation.  
6.4.7 Test solution spills 
The wick test setups were frequently moved from the climate chamber (35°C and 20% RH) to laboratory 
conditions (20°C and 50% RH) for weighing, solution replenishing and/or taking surface photographs. It 
was observed that when the setups were returned to the climate chamber, solution droplets were forming 
on and spilling over the bricks samples’ surfaces. Moving the cooled setups from the laboratory back to 
the climate chamber’s was likely generating an excess air pressure in the vessels, which in turn was 
responsible for releasing the test solution at the sample surface. These spills could possibly explain some 
unexpected behaviour observed during experimental trials. This problem was overcome by drilling an inlet 
in the cell’s lid, allowing for pressure levelling. The inlet was additionally covered with a perforated scotch 
tape to limit the evaporation of the test solution from the cell. However, no dedicated tests were carried 
out to illustrate this improvement. 
6.4.8 Location effect 
The climate cabinet could accommodate 108 setups at the same time, spread over two levels. On the one 
hand this brought the advantage of testing multiple ATM variations at once, on the other hand it raised 
the question whether the test results are independent of the setups’ locations.  
It was investigated by analysing the relation between the final efflorescence extent and the setup’s location 
in the climate cabinet. The test was carried out using 10 sets consisting of 36 gypsum setups (Figure ‎6.17 
A) evenly distributed in the climate cabinet over two levels (Z=1 or 2) according to Figure ‎6.17 B. 
Triplicate setups were placed in each location, besides the G3 set which was made up of nine setups. The 
experiment yielded similar results in terms of efflorescence and DR behaviour (Figure ‎6.17 C) as other 
gypsum setups tested under similar conditions (compare with G setup in Table ‎6.4). 
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Code G1-10 
Test solution CaSO4∙2H2O 
Adhesive Hot melt 
Surface Original 
Leaching Leaching 
Climate Accelerated 
Wick / WW WW 
Schedule Default (shortened to 21 days) 
Test duration 21 days 
Test solution 
wick duration 
6 days 
# of setups 3, G3 – 9 
  
 
Figure ‎6.17  A - overview of the ATM experiment variations and their settings, see Table ‎6.1 for the explanation of 
the setups’ codes and the layout. B - the ATM setups’ distribution in the climate cabinet during the 
location effect study. C - Summary of the ATM experiments on the location effect, the table layout is 
explained in Table ‎6.2. 
The analysis of the location effect was made with the SAS JMP software. Six location effects were 
considered: three main effects of X, Y and Z, and three interaction effects of X*Y, X*Z, and Y*Z. From 
the all possible models generated with a combination of these six factors, up to five of the best models 
from each n-factor combination were selected, yielding in total 17 models (Table ‎6.19). A weak heredity 
criterion was applied for generating the final models. In the next step the four best models were selected 
based on the lowest value of the corrected Akaike information criterion (AICc). Validity of each model 
was assessed with the Analysis of Variance (ANOVA) method. However, there was no significant effect 
of the location on the efflorescence extent at the p<.05 level for the four selected models: [F(1, 34) = 
2.15, p = 0.15], [F(1, 34) = 0.54, p = 0.47], [F(2, 33) = 1.42, p = 0.26], [F(3, 32) = 1.78, p = 0.17], 
respectively. The test can be hence run on multiple setups in parallel, yielding reliable results regardless of 
the setup’s location in the climate cabinet. Detailed drying rate and efflorescence extent data are provided 
in the appendix in Section 9.1.2. 
Table ‎6.19  Seventeen best models generated based on the effect of location study data, ordered by the lowest AICc 
value. 
Model AICc Model AICc Model AICc 
Z -93.4 X, Y, Z, X*Z -89.5 X, Y, Z, X*Y -87.1 
Y -91.8 X, Y -89.3 X, Y, Z, X*Z, Y*Z -86.4 
Y, Z -91.6 X, Y, Z -89.0 X, Y, Z, Y*Z -86.1 
X, Z, X*Z -91.5 Y, Z, Y*Z -88.9 X, Y, Z, X*Y, X*Z, Y*Z -84.2 
X -91.2 X, Y, X*Y -87.5 X, Y, Z, X*Y, Y*Z -84.0 
X, Z -90.9 X, Y, Z, X*Y, X*Z -87.5 
  
G1-10 
14 (16 ± 6) % 
+ + + Gypsum 
− HCl 
Gypsum 
DR drop 
 
 
A 
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6.5 Conclusions 
The present study was designed to develop an accelerated test method for assessing GE-risk. Such a 
method should fulfil three main demands: (i) reliably reproduce gypsum crystallisation; (ii) majorly 
accelerate this process to yield results within reasonable time; and (iii) to be versatile by being adjustable to 
individual testing of different parameters. All these aims have been accomplished. The ATM yields 
gypsum subsurface accumulation in agreement with reports on gypsum crystallisation behaviour, which 
required selecting an inert sealant product and minimizing the interfering effect of sample derived salts by 
the leaching procedure. Its reliability is further enhanced by interrupting the wick process by wetting 
phases, which mimic the frequent episodes of rainfall under filed conditions. The test duration is 
remarkably shortened: from more than a year to four weeks, what was made possible (i) by setting up the 
ATM test on a wick test design which promotes continuous efflorescence growth and (ii) by optimizing 
the climate conditions. The former makes the test highly versatile, as owing to the separation of a 
transport medium (brick core) from the test solution (efflorescence source) it can be conveniently adjusted 
for separate assessment of masonry components as a GE source, the influence of admixtures or the effect 
of brick moisture properties. The test efficiency, and hence its applicability for industrial quality control, 
depends not only on its duration, but also on a possibility of carrying out multiple tests simultaneously and 
assuring their repeatability. This is provided by running parallel tests under conditions controlled by a 
climate cabinet, and their repeatability was confirmed with a dedicated test demonstrating no effect of 
location. The value of the test depends on the amount and quality of data which can be derived from it, 
hence a procedure was developed to comprehensively characterise the formed efflorescence: its 
discoloration extent (high quality photographs and visual and digital image analysis) and mineral 
composition (XRD and HCl tests), and its effect on the wick performance (DR analysis). The experiments 
addressed in these chapter not only illustrated the applied improvements and their benefits, but also shed 
some light on the GE genesis: the gypsum’s intrinsic propensity towards subsurface accumulation may 
explain a lack of GE on old anhydrite-rich masonry, while the recent GE-occurrence might have been 
triggered by the introduction of some GE-triggering substances to masonry. These aspects are however 
addressed in more detail in the next chapter. 
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7 Gypsum efflorescence factors 
7.1 Introduction 
The field survey on Belgian GE cases revealed that the source of efflorescence originates from the 
masonry components themselves. Similar issues have been identified and investigated in the UK by 
Bowler and Winter (1997), and the published reports primarily targeted the recent introduction of mortar 
admixtures. The main aim of this chapter is therefore to evaluate (i) the effect of brick moisture 
properties, (ii) brick and cement as GE sources and (iii) mortar admixtures as potential factors triggering 
abundant GE formation. Addressing these research questions requires an efficient and versatile test 
method. For this reason we have developed and validated an accelerated test method (see Chapter 6), 
which is applied in this chapter to shed light on the genesis of Belgian GE cases and which can possibly 
be used in the future for quality control of masonry components.  
The field survey study revealed that the GE outbreak is related to recent changes in the characteristics of 
the masonry components. However, in relation to the brick moisture properties, the field survey did not 
show any apparent link with the GE risk for common hand-moulded bricks. In this chapter, this potential 
effect was further ATM-tested via two brick types, characterised respectively by a low and a high capillary 
absorption coefficient. Moreover, an extruded brick was ATM-tested as well, to investigate the effect of 
its specific anisotropic porosity. Next, the ATM was applied to the GE source evaluation: two brick types 
and four commercial cement types were tested to examine whether these basic masonry components 
alone could yield GE formation. Multiple approaches were applied to assess the GE risk: the efflorescence 
extent and its composition were analysed together with the DR evolution and the GE source abundance 
in brick and carbonated cement paste. The evaluation of GE sources was followed by a separate set of 
tests addressing the effect of admixtures. Common commercial products were benchmarked to reveal 
whether they can overcome the typical subflorescing propensity of gypsum. In addition, a concrete 
superplasticizer was also ATM-tested, as a potential inert admixture enhancing mortar workability. Based 
on the results of this exploratory experiment, two products were selected for examination under more 
realistic conditions, in combination with a brick powder and as a component of a carbonated cement 
paste. Complementarily, a commercial premixed formulation was ATM-tested. 
This chapter starts with an introduction of the tested materials and explains how the ATM test is adapted 
to answer the addressed research questions. In particular much attention is given to the calculation of a 
representative amount of the tested sample. The results and discussion are combined in three separate 
sections. Section 7.3 focuses on the effect of brick moisture properties, cement and brick as GE sources 
are examined in Section 7.4, while the effect of admixtures is addressed in section 7.5. The main 
conclusions are finally summarized in Section 7.6.  
7.2 Materials and methods 
The same optimized ATM setup (Section 6.2.2) and ATM protocol (Section 6.2.1) were applied in all tests. 
The GE risk was assessed by visual analysis of efflorescence photographs. In addition, in case of 
evaluating a brick or carbonated cement paste as GE source, its abundance was determined with a 
leaching test (Section 3.5.1).  
7.2.1 Brick moisture properties 
Three brick types: BR1, BR2, and BR1extr were selected to investigate the effect of the brick moisture 
properties. BR1 and BR2 are hand-moulded clay bricks with sanded surfaces. Both BR1 and BR2 were 
identified among the GE cases in the field survey, and they were chosen as their IRA‟s reflect relatively 
high (FS19, 4.8 kg·m-2·min-1) and low (FS16, 2.6 kg·m-2·min-1) values respectively, with respect to the 
spectrum for commercial clay moulded brick types (Figure 4.2). The BR1extr is an extruded brick type 
prepared specifically for this project, from a clay mix identical to the one used for the BR1 brick 
production. Extruded bricks are typically prepared from more plastic clay types though, our choice of the 
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clay type was motivated by primarily focusing on the effect of the extrusion process. Due to the process 
of extrusion the brick exhibits specific properties: its porosity gets preferentially oriented parallel to the 
stretcher (extrusion direction) and the surface is not sanded. Both factors may then alter the moisture 
properties and gypsum crystallisation. It should however be noted that extruded bricks are rarely used as 
facing bricks in residential buildings. 
The ATM test was applied to brick cores extracted perpendicular to the stretcher surface, and 
subsequently leached according to the procedure explained in Section 6.2.2. Their moisture properties 
(vacuum water content wsat, capillary absorption coefficient Acap, and capillary water content wcap) were 
determined with vacuum saturation and free water uptake tests (Sections 3.6.1 and 3.6.2). The effect of 
each brick type on the wick performance and GE risk was assessed with ATM setups filled with distilled 
water and gypsum solution, respectively. 
7.2.2 Cement and brick as GE sources 
Carbonated cement paste preparation 
Initially, four cements were selected, because of the substantial differences in their compositions: 
- B1: ordinary Portland cement (CEM I SPEED 52.5 HES), as the reference (95-100% clinker),  
- B2: blended cement (CEM II/ B-M (S-V) 32.5N), as a cement commonly used for masonry 
construction (65-79% clinker), 
- B3: sulphate resistant cement (CEM I 42.5 SR0), due to its particularly low content of aluminate 
phases (95-100% clinker), 
- B4: pozzolanic cement (CEM IV / B-P 32.5), due to its particularly high replacement of cement 
clinker by natural pozzolana (45-64% clinker). 
B1 and B2 are the same cement types as used in the cement carbonation chapter (Section 5.2). The 
carbonated cement paste was prepared similarly as in the cement paste carbonation study (Section 3.2). 
The carbonation procedure was slightly modified though: cement pastes were crushed to a finer fraction 
of 0.5-2mm (vs 2-4mm) to accelerate carbonation, while the carbonation duration was shortened to 70 
days (vs 155 days). The latter was adjusted to yield only the major water soluble sulphate release - SO42-[1] 
phase (Section 5.3.2). The carbonation progress of the ATM samples was assessed by comparing the 
amount of water soluble sulphate‟ release on the B1 and B2 samples, see Table ‎7.1. The SO42- levels were 
reasonably similar to the ones from the cement carbonation study, validating the modified carbonation 
methodology.  
Table ‎7.1  Comparison of water soluble sulphate released upon cement paste carbonation from the ATM 
(70d carbonation) and cement carbonation study (84d carbonation, SO42- [1] phase) samples. 
Binder 
SO4
2-
 [mmol/100g anhydrous] 
ATM Cement carbonation study 
B1 8.8 9.4 
B2 10.3 7.9 
Representative amount of cement paste sample 
Masonry is composed of a volume of bricks and mortar joints, while GE is a surface phenomenon, 
developing mostly on the brick‟s outer surface. The GE risk is then dependent on the ratio of the 
masonry surface to the GE source availability in the volume of masonry components. In the ATM test the 
efflorescence developed on the small surface of a brick core, while the GE source (brick or cement paste 
powder) was introduced separately in the form of a test solution. The amount of the tested GE source or 
mortar admixtures hence always needed to be adjusted to reflect the situation of actual masonry 
constructed with components of standard dimensions, to provide a reliable measure of a GE risk.  
In case of testing cement paste, its amount needed to be both adjusted (i) to the surface area of a brick 
core and (ii) to reflect the use of cement paste instead of mortar. This was realised by first determining the 
amount of anhydrous binder used per brick in masonry, then rescaling it to the ATM sample, and finally 
calculating the amount of cement paste to be tested given its w/c ratio. The brick to mortar ratio in 
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masonry was determined assuming the use of a standard facing brick of WF (Waalformat) format (L21 x 
W10 x H5 [cm]) surrounded at the lateral, upper and lower sides by a 10mm mortar joint complying to the 
C 300 masonry mortar designation (CSTC, 2009), see Table ‎7.2. The C 300 mortar density and anhydrous 
cement content were calculated from a commercial recommendation for dosage of masonry mortar 
components (Holcim Belgique S.A., 2010), see Table ‎7.3.  
Table ‎7.4 shows the intermediate calculation steps required to determine a representative amount of 
cement paste to be tested in an ATM setup with a brick core (d=3cm). First, the mortar joint volume per 
brick was calculated from the known dimensions of a WF brick and a mortar joint. Next, its mass was 
determined from the determined mortar density, while the amount of anhydrous cement required for its 
preparation was estimated from the calculated anhydrous cement content (Table ‎7.3). These values were 
then rescaled to a single ATM core according to the ratio of the surface area of the WF brick‟s stretcher 
and the ATM core‟s (d=3cm) top surface. Finally, the amount of cement paste was calculated from the 
anhydrous cement mass per ATM core and w/c ratio used for the paste preparation. The w/c ratio of the 
tested cement pastes was variable due to bleeding, and consequently the amount of the tested cement 
paste as well.  
Table ‎7.2 Specification of the C 300 mortar designation according to a CSTC technical note (CSTC, 2009). 
Mortar designation C 300 
Former Belgian designation M2 
Binder [kg] per 1m
3
 sand 300 
Cement / sand ratio [vol] 1:4 
 
Table ‎7.3  Dosage recommendation for C 300 mortar preparation according to Holcim guideline for masonry works 
(Holcim Belgique S.A., 2010) and the calculated properties of mortar after mixing with water. 
The dosage recommendation for C 300 mortar preparation 
Anhydrous cement mass [kg] 25 
Sand [L] 90 
Water [L] 20 
Volume of the prepared mortar [L] 85 
The calculated C 300 properties after mixing with water 
Mortar density [kg/m
3
] * 2.1 
Anhydrous cement per 1L mortar [kg/L] 0.29 
* The mortar density was calculated assuming sand density of 1500kg/m3  
Table ‎7.4  Amounts of mortar, anhydrous cement and cement paste calculated per single WF brick and rescaled to 
an ATM brick core sample.  
Parameter WF brick ATM core 
Stretcher surface area [cm
2
] 105 7.07 
Mortar volume [cm
3
] 270 - 
Mortar mass [g] 572 - 
Anhydrous cement [g] 79.4 5.3 
Binder type w/c Cement paste / ATM [g] 
B1 0.50 8.0 
B2 0.44  7.7* 
B3 0.50 8.0 
B4 0.50 8.0 
* Considerable bleeding was observed for the B2 paste, the surplus water 
was weighed and discarded and w/c ratio was recalculated to w/cB2 = 
0.44, what resulted in a lower sample mass. 
Representative amount of brick sample 
The evaluation of brick as GE source was realised on BR1 and BR2 bricks of the same type as in the brick 
moisture properties study. Similar to the cement paste sample, the amount of brick powder was calculated 
to be proportional to the brick core‟s surface area, see Table ‎7.5. First, the volume of brick sample per 
ATM core was calculated from the known WF brick volume. Next, the amount of brick powder sample 
for each brick type was calculated from their densities.  
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Table ‎7.5  Amount of brick samples rescaled to an ATM brick core samples calculated from the known WF brick 
volume, the exposed surface areas ratio and bricks‟ densities. 
Parameter WF brick ATM core 
Stretcher surface area [cm
2
] 105 7.07 
Brick volume [cm
3
] 1050 70.7 
Brick type Gross dry density [kg/m
3
] Brick powder / ATM [g] 
BR1  1690 119 
BR2  1630 115 
ATM setup preparation 
The carbonated cement paste was first ground to a powder of <500µm and then the calculated amount of 
paste was placed in the ATM setup and topped up with 50ml distilled water. 
The brick sample powders (<500µm) were prepared according to the procedure describe in Section 3.3. 
The calculated amount of brick powder sample was placed into a single ATM setup and topped up with 
100ml of distilled water. Similarly to the cement paste carbonation study (Section 5.3.1), a dissolution 
monitoring experiment was applied to identify the source of water soluble sulphate. 
7.2.3 Mortar admixtures 
Mortar admixtures are available in form of a solution (added to a mortar mix), or as solids dispersed in a 
dry mortar mix. In both cases they are water soluble, hence in a wet mortar mix they are present in the 
liquid phase, which in turn makes them mobile during bricklaying. Bricks are porous and upon contact 
with a fresh mortar they absorb part of the solution from the fresh mortar mix, and this way the 
admixtures can get distributed over both mortar joints and bricks in masonry. For this reason the effect of 
admixtures was assessed in three steps. First, (i) the common products were benchmarked with a 
simplified experiment using a gypsum solution serving as a direct and non-limited GE source. In the next 
step two products were selected to assess separately their effect on the GE formation from (ii) carbonated 
cement paste and (iii) brick powder.  
Admixtures benchmarking 
Three commercial mortar admixture products A2-A4 (representing admixture types commonly applied in 
masonry mortars) were selected based on a survey of building material distributors in the area of Leuven 
(Belgium), see Table ‎7.6. The A2-4 admixtures are surfactant based “plasticizer and air entrainer” 
products, which enhance both the workability of a fresh mortar mix and promote formation of air 
microbubbles, the latter having a beneficial effect on the freeze-thaw performance of cement mortars. In 
addition to commercial mortar admixtures a common detergent A1 was also tested, because these are 
reportedly sometimes used instead of air-entrainers. Similar surfactant-based products were indicated as 
possible triggers of the recent GE cases (Bowler and Winter, 1997). Superplasticizers bring also the 
benefit of increasing the workability of a mortar mix, but potentially without inducing gypsum 
efflorescence formation. While they are widely applied in concrete, they do not find application in 
masonry mortars yet. A single commercial sulphonate-type superplasticizer A5 was included in the tests, 
as this type is usually not surface active (Pagé, 2003). However, as a consequence, these products do not 
induce air entrainment (Mosquet, 2003). 
Table ‎7.6 List of admixtures used for benchmarking. The chemical composition is declared by producers. 
Code Admixture type Chemical composition 
A1 Common washing up liquid 
15-30% anionic surfactant,  
5-15% non-anionic surfactant 
A2 Mortar plasticizer & air entrainer Not available 
A3 Mortar plasticizer & air entrainer Not available 
A4 Mortar plasticizer & air entrainer  8% detergent 
A5 Concrete superplasticizer 
Sulphonated melamine  
formaldehyde condensate 
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The ATM test applied to a pure gypsum solution only yielded gypsum accumulation below the brick 
surface, regardless of the unlimited gypsum solution supply. This simple test, after modification, can hence 
also serve for evaluating admixtures by determining whether these products can overcome gypsum‟s 
subflorescing propensity and trigger GE formation. This was realised simply by saturating brick cores in a 
gypsum (2.2g/L) and admixture solution for 5 minutes prior to mounting them in the ATM setup filled 
with a pure gypsum solution. The admixture dosage (Table ‎7.7) was calculated to reflect its concentration 
in a fresh C300 mortar, based on the known C300 mortar composition (Table ‎7.3) and the recommended 
admixture dosage. To our knowledge, it is common practice to overdose the admixtures though, hence as 
an initial attempt a three times higher dosage was applied instead. In addition, the effect of admixtures on 
the surface tension of gypsum solution was measured according to the „3.6.3 Surface tension‟ procedure. 
Table ‎7.7  Dosage of admixtures to gypsum solution calculated based on the recommendation given by the 
admixture producer and C300 mortar formulation. 
Code 
Admixture dosage 
Benchmarking admixture dosage 
(3x surplus) 
Recommended by producer Average g/L ml/L 
A1 3-6g/L water* 4.5g/L water  13.5 - 
A2 50-100ml/50kg cement 75mL/50kg cement - 5.6 
A3 50ml/50kg cement 50ml/50kg cement - 3.8 
A4 40ml/50kg cement 40ml/50kg cement - 3.0 
A5 0.2-3.4% by cement weight 1.8% by cement weight 67.5 - 
* No official dosage recommendation available, dosage suggested by a mason 
Based on the benchmarking results, two admixtures were selected for further evaluation. An additional 
experiment was carried out to resolve whether the selected admixtures altered the wick process. It was 
realised by following the above explained procedure, but using distilled water instead of gypsum solution 
both for preparation of the admixture solution and as a test solution. 
Carbonated cement & admixture paste  
The mortars used for domestic constructions in Belgium are mostly prepared on-site (from separately 
purchased components) or are prepared from dry premixed commercial formulations. The two selected 
admixtures were tested in combination with the B1 and B2 cements, see Table ‎7.8. The admixtures were 
added to the cement powder together with water during the paste preparation. Here as well it was chosen 
to use a threefold surplus as compared to the recommended dosage (Table ‎7.7). Initially a single 
commercial premixed mortar (B5), containing unknown solid admixtures, was selected for testing. This 
mortar formulation is a common product according to building material distributors in the area of Leuven 
(Belgium). The „cement & admixture‟ pastes were prepared, carbonated and ATM-tested according to the 
same procedure as for pure cement pastes. 
Table ‎7.8  List of cement paste & admixture formulations. The admixtures dosage is calculated based on the 
producers‟ recommendation provided in Table ‎7.7. Some pastes showed bleeding after 28 days curing, 
hence their w/c ratio and ATM sample masses were corrected accordingly. 
Cement paste  
composition 
w/c 
Admixture dosage (3x surplus) 
Cement paste / ATM [g] 
[g/kg cement] [ml/kg cement] 
B1+A3 0.50 - 3 8.0 
B2+A3 0.50 - 3 8.0 
B1+A5 0.39 54 - 7.4 
B2+A5 0.35 54 - 7.2 
B5 0.50 - - 8.0 
Brick & admixture 
The selected admixtures were also tested in combination with the BR1 brick powder. The test solution 
was composed of distilled water mixed with brick powder and admixture, to allow for the interaction 
between the GE source (brick powder) and the used admixture. The dosage of the latter was calculated to 
reflect the amount of admixtures used per surface of a single ATM brick core. The recommended dosage 
of A3 and A5 admixtures is relative to the used amount of anhydrous cement (Table ‎7.7), which equals to 
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5.3g for an ATM core (Table ‎7.4). The dosage was hence calculated proportionally to the latter and 
increased to a threefold surplus, as for the other admixture ATM setups (Table ‎7.9). The setups were 
prepared and tested according to the same procedure as for pure brick powders. 
Table ‎7.9  List of brick & admixture compositions. The admixtures dosage was calculated based on the producers‟ 
recommendation provided in Table ‎7.7. 
Brick & admixture  
composition 
Admixture dosage (3x surplus) 
Brick powder / ATM [g] 
[g/ATM setup] [ml/ATM setup] 
BR1+A3 - 0.016 119 
BR1+A5 0.286 - 119 
Brick and carbonated cement & admixture paste  
A single additional test was applied to a test solution combining both masonry components: BR1 brick 
(119g) and B2+A3 cement paste (8g) powders mixed with distilled water (100ml). The former performed 
similar to the pure B2 cement paste (when tested alone), hence this test was addressed in the „‎7.4 Cement 
and brick as GE sources‟ section, instead of the „7.5 Mortar admixtures‟ section. 
7.3 Brick moisture properties 
The field survey findings indicated that GE develops on bricks characterised by a wide range of moisture 
properties, hence the latter do not seem to have a significant effect on the GE risk. Nevertheless, this 
assumption has not been verified experimentally yet, and was thus addressed with the ATM methodology 
in the following preliminary study. Brick cores extruded from three brick types were tested in gypsum 
solution and water to assess the effect of brick moisture properties on (i) the GE risk and (ii) the wick 
performance (Table ‎7.10). The three selected brick types exhibited fairly similar wcap, some variation in wsat, 
while the Acap for the BR1 was considerably higher than for the BR2 and BR1extr (reflecting the 
difference in IRA), see Table ‎7.11.  
Table ‎7.10  Overview of the ATM experiment variations and their settings. The setups‟ names are coded according 
to the following scheme: X/Y, where X stands for a brick type used as a transport medium, while Y 
describes the test solution. By default all tests were realised with a BR1 brick type and in such case the 
code is shortened to the Y symbol only. The exception are the setups listed below, where BR2 and 
BR1extr brick core types are used. The test solution Y can stand for:  
- 2.2g/L gypsum (CaSO4∙2H2O) solution (G), 
- distilled water (W), 
- carbonated cement paste mixed with distilled water (B1 - B4), 
- brick powder mixed with distilled water (BR1 and BR2), 
- saturating a brick core with gypsum & admixture solution and then placing it in a setup with gypsum 
solution (G+A1 - G+A5), 
- saturating a brick core with admixture (water) solution and then placing it in a setup with distilled 
water (W+A3, W+A5), 
- carbonated cement & admixture paste mixed with distilled water (B1+A3/A5, B2+A3/A5,  and B5), 
- brick powder mixed with admixture and distilled water (BR1+A3 and BR1+A5),  
- or carbonated cement & admixture paste mixed with brick powder and distilled water  
(B2+A3 & BR1). 
Code (BR1/)G BR2/G BR1extr/G (BR1/)W BR2/W BR1extr/W 
Brick core BR1 BR2 BR1extr BR1 BR2 BR1extr 
Test solution CaSO4∙2H2O CaSO4∙2H2O CaSO4∙2H2O Water Water Water 
 
Table ‎7.11 Moisture properties of the three investigate brick types. NA stands for not analysed. 
Brick type BR1 BR2 BR1extr 
Initial rate of absorption IRA [kg·m
-2
·min
-1
]* 4.8 2.6 NA 
Capillary absorption coefficient Acap[kg·m
-2
·s
-0.5
] 0.80 ± 0.06 0.45  ± 0.06 0.48 ± 0.02 
Capillary water content wcap [kg/m
3
] 214 ± 5 229 ± 3 200 ± 8 
Vacuum water content wsat [kg/m
3
] 325 ± 7 368 ± 6 261 ± 4 
* The IRA values were declared by producers 
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7.3.1 Influence on the GE risk 
The tests with gypsum solution quickly yielded a major DR drop for all the three brick types, see 
Figure ‎7.1 A. The analysis of samples scraped from their surfaces showed that it was attributed to gypsum 
pore clogging, see Table ‎7.12. While the BR1 and BR2 brick types yielded similar slight GE located within 
the coarse brick surface, on the BR1extr GE formed as a specific thin and shiny film, which majorly 
altered the surface appearance. This specific GE morphology might have been induced by the non-sanded 
and very smooth surface of the extruded brick. Efflorescence formation is a surface process and the 
surface properties may alter efflorescence morphology, what is in line with findings reported for NaCl 
(Eloukabi et al., 2013). Nevertheless, the tested brick core types did not yield formation of any 
characteristic abundant GE form as found in the field survey, owing to the quick gypsum pore clogging, 
which constrains the moisture transport and thus the gypsum accumulation. 
 
  
  
Figure ‎7.1  Drying rate evolution of setups tested with different brick core types: A – gypsum setups,  
 B – water setups. 
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Table ‎7.12  Summary of ATM experiments, the table layout is explained in Table 6.2.  
 
 Setup’s code (BR1/)G BR2/G BR1extr/G 
 Efflorescence coverage 11 (13 ± 4) % 23 (24 ± 5) % 80 (75 ± 12) % 
 XRD + + + Gypsum + + + Gypsum + + + Gypsum 
 HCl test − HCl − HCl − HCl 
 Efflorescence composition   Gypsum Gypsum Gypsum 
 Drying rate DR drop DR drop DR drop 
 Overview photography 
   
 Magnified photography 
   
7.3.2 Influence on the wick performance 
A similar experiment, but with distilled water instead of gypsum solution, revealed that both BR1 and BR2 
(hand moulded) bricks cores performed similarly in terms of the wicking process (Figure ‎7.1 B). The same 
could be observed for the BR1extr (extruded brick core) over the first eight wick phases, subsequently 
followed by a slight DR drop. No gypsum was identified in scrapings from the sample surfaces, but 
possibly even a little amount below the detection limit could have induced this slight DR drop. It shows 
that neither the lack of sanding, nor the specific pore orientation did affect considerably the DR.  
The brick cores showed similar DR performance regardless of differences in Acap (Table ‎7.11), hence the 
latter does not appear to have an important effect on the wick performance for the tested Acap range. 
However, it does not preclude its considerable effect under field conditions. The ATM test is designed to 
accelerate efflorescence formation by simulating the wicking process, but not to reproduce the frequent 
absorption and drying episodes induced by naturally intermittent rainfall. Under such conditions the 
amount of water absorbed by a brick may be highly dependent on Acap, in turn affecting the amount of 
dissolved gypsum source and accumulated gypsum efflorescence.  
The field survey results showed that GE affects brick types covering the typical spectrum of brick 
moisture properties. The latter hence cannot be used as a factor for selecting brick types in order to limit 
GE risk (within the available range of commercial brick types). Also applying an extrusion manufacturing 
process to modify the pore structure does not seem to be an effective solution, as it yielded an unsightly 
shiny GE film. Nevertheless, the ATM test does not permit for a proper evaluation of the Acap effect, and 
decreasing its level below the commonly found values may possibly lead to limiting GE extent by 
constraining the rainfall uptake and drying process. 
7.4 Cement and brick as GE sources 
Both brick and carbonated mortar joint may form a considerable GE source, as demonstrated in the field 
survey and cement carbonation chapters. On the other hand, gypsum appears to show a tendency for 
subsurface accumulation, and therefore even a presence of such significant GE source solely does not 
seem sufficient to generate abundant GE formation. While the latter was demonstrated on a simplified 
test applied to gypsum solution, this has not yet been confirmed for masonry components as GE sources. 
Four carbonated cement pastes and two bricks were hence ATM-tested to resolve whether the form of 
GE source has an effect on the GE risk. In addition, a single test was also applied to a sample composed 
of both components. 
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7.4.1 Carbonated cement paste 
Four different commercial cement pastes were carbonated and tested as GE sources (Table ‎7.13), which 
in all cases led to a major DR drop (Figure ‎7.2), similar to the reference gypsum (G) setup (Figure 6.11 B). 
The mechanism appeared to be identical and related to the gypsum pore clogging, as both the 
efflorescence appearance (slight intergrain) and composition (gypsum) were similar. The only difference 
was the source abundance, which for cement pastes was limited to the amount of gypsum released upon 
carbonation: ranging from 1.20g to 2.94g of gypsum per brick (Table ‎7.14).  
Nevertheless, this amount proved sufficient to yield gypsum pore clogging which effectively hindered 
moisture transport and thus GE accumulation. It shows that the subflorescing propensity of gypsum does 
not seem to depend on its source: either when it comes from carbonated cement paste or from pure 
gypsum solution (G in Section 6.3.2), gypsum accumulates under the surface. For the gypsum setups it 
took six wick phases to accomplish a major DR drop (Figure 6.11 B and Figure 9.4 A). This translated 
into an accumulation of 0.67-1.16g gypsum per brick, calculated from the amount of water evaporated 
during the six wick phases (Equation 6.6) for 35 samples (G1-10 sets) tested with gypsum solution (Figure 
6.17 describes the tested setups, while Figure 9.4 A depicts their DR evolution). This range can be hence 
considered as a threshold for GE source content leading to the pore clogging and a major DR drop. The 
gypsum amount formed upon cement paste carbonation was considerably higher, demonstrating that 
indeed it could be held responsible for the observed major DR drop.  
Cement B4 yielded slightly less intergrain GE than other setups, as reflected by its lower efflorescence 
coverage (2 ± 0%) and visual appearance. It behaved similar to the other setups in terms of DR evolution 
(Figure ‎7.2), but contained substantially more GE source than the other cement pastes (Table ‎7.14). 
However, the latter does not seem to explain the observed lower GE extent by e.g. more extensive pore 
clogging, as gypsum setups (containing unlimited GE source) yielded higher surface discoloration (13 ± 
4%, Table 6.4). The anhydrous B4 cement (CEM IV / B-P 32.5) differs from the other tested cements by 
particularly high replacement of clinker with natural pozzolana component (45-64% clinker), however its 
potential effect on gypsum efflorescence formation after its hydration and carbonation is not evident. 
Table ‎7.13  Overview of the ATM experiment variations and their settings, see Table ‎7.10 for the explanation of 
the setups‟ codes. 
Code B1 B2 B3 B4 
Brick core BR1 BR1 BR1 BR1 
Test solution Carbonated cement paste (B1-4) powder + water 
 
Figure ‎7.2 Drying rate evolution of ATM setups applied to carbonated cement paste as a GE source. 
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Table ‎7.14  Summary of ATM experiments, the table layout is explained in Table 6.2. The table contains an extra 
row „Gypsum/brick‟ which provides an estimation of the amount of gypsum which can be derived from 
a GE source: brick powder or carbonated cement paste. It was calculated from their total water soluble 
SO42- content determined according to „3.5.1 Leaching test‟ and normalised per a standard WF brick 
based on Table ‎7.4 and Table ‎7.5 data. 
Setup’s code B1 B2 B3 B4 
Efflorescence 
coverage 
6 (7 ± 6) % 8 (6 ± 1) % 3 (6 ± 3) % 1 (2 ± 0) % 
XRD + + + Gypsum + + Gypsum + + + Gypsum + + + Gypsum 
HCl test − HCl − HCl − HCl − HCl 
Efflorescence 
composition   
Gypsum Gypsum Gypsum Gypsum 
Drying rate DR drop DR drop DR drop DR drop 
Gypsum/brick [g] 1.20g gypsum 1.41g gypsum 1.97g gypsum 2.94g gypsum 
Overview 
photography 
    
Magnified 
photography 
    
7.4.2 Brick 
Bricks contain water soluble sulphate, whose source can be anhydrite and/or alkali sulphate(s). However, 
on the one hand their amounts may be too low for identification with XRD, and on the other hand the 
sources are in anhydrous form, what makes it difficult to identify them with TG. Similar as for carbonated 
cement paste, a simple dissolution monitoring experiment can aid in distinguishing between the two 
sources and in judging which one contributes most to the GE source (Section 5.3.1). 
Figure ‎7.3 shows the result of a dissolution monitoring experiment applied to BR1 and BR2 brick 
powders. The plot indicates a strong correlation between the release of water soluble SO42- and Ca2+, as 
the „SO42- vs Ca2+‟ trend lines show slopes (aBR1=1.139 and aBR2=0.939) and R2 values (R2BR1=0.9983 and 
R2BR2=0.9356) close to 1. This in turn demonstrates that the main source of the leached Ca and SO42- was 
a single compound characterized by Ca2+/SO42- = 1. Clay bricks are fired at temperatures far higher than 
gypsum and hemihydrate dehydration temperatures, which suggests that the source was mainly in form of 
anhydrous calcium sulphate - anhydrite.  
Unlike for cement paste, the ATM test applied to two brick powders (Table ‎7.15) did not lead to a major 
DR drop, instead the DR stayed at an elevated level throughout the test duration, see Figure ‎7.4. 
Table ‎7.16 shows that besides gypsum, a considerable amount of calcite was detected in the efflorescence 
as well. The HCl test left behind only slight intergrain GE, thus no characteristic abundant GE was 
formed. The amount of GE source for BR1 and BR2 was lower than required to induce pore clogging 
(0.67-1.16g), what explains no major DR drop. Instead, the high DR maintained over the course of 
experiment allowed for a gradual accumulation of calcite. It resulted in an overall more pronounced 
surface discoloration than for the carbonated cement setups. However, it does not need to be the case for 
other brick types, as commercial bricks may contain GE source in much higher amounts, i.e. up to even 
7.25g gypsum/brick (Table 4.3). The ATM results on carbonated cements indicated that the subflorescing 
propensity of gypsum does not depend on the chemistry of its source, and then it is expected that the 
 Section ‎7.4 - Cement and brick as GE sources 
77 
 
same behaviour would be observed for these anhydrite-rich brick types. It indeed finds confirmation in 
the (water) impregnation & drying test applied to anhydrite-rich Fletton brick types (Bowler and Winter, 
1997). Their test was run for over a year and its efficacy was confirmed by yielding GE on the same brick 
types with addition of GE-triggering products, what has also demonstrated that such bricks contain a 
sufficient GE source. Nevertheless, when tested with water only, no GE was formed on their surface. 
While the drying process was not monitored, and the samples were neither analysed for subsurface salts 
accumulation, such results suggest subsurface gypsum pore clogging taking place. These results showed 
also that anhydrite, regardless of its very low dissolution rate (Jeschke and Dreybrodt, 2002), can be 
sufficiently dissolved and transported, to eventually accumulate as GE. 
 
 
Figure ‎7.3  Correlation between leaching of SO42- and Ca2+ ions from BR1 and BR2 brick powders. The six points 
for each brick type correspond to sampling at different time intervals (1hr, 6hr, 1d, 2d, 3d and 7d). The 
dotted line represents a y=x equation. 
 
Table ‎7.15  Overview of the ATM experiment variations and their settings, see Table ‎7.10 for the explanation of the 
setups‟ codes. 
Code BR1 BR2 
Brick core BR1 BR1 
Test solution Brick (BR1 or BR2) powder + water 
 
 
Figure ‎7.4 Drying rate evolution of ATM setups applied to brick powder as a GE source. 
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
S
O
4
2
-  
[m
m
o
l/
L
] 
Ca2+ [mmol/L] 
BR1
BR2
0
5
10
15
20
25
30
35
40
45
50
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
D
R
 [
k
g
/(
m
2
·d
a
y
)]
 
Wick phase no 
BR1 BR2
CHAPTER 7 - Gypsum efflorescence factors 
78 
 
Table ‎7.16  Summary of ATM experiments, the table layout is explained in Table 6.2. The last text row provides 
estimation of the amount of gypsum which can be possibly derived from the tested GE source (see 
Table ‎7.14 for explanation). In addition, field survey photographs of buildings constructed with BR1 
and BR2 brick types are shown. 
BR1 BR2 
ATM Field survey (FS19) ATM Field survey (FS16) 
28 (41 ± 10) %  37 (37 ± 2) % ` 
+ + Gypsum + Gypsum 
+ + HCl + + HCl 
Gypsum & calcite Gypsum & calcite 
High DR High DR 
0.42g gypsum 0.61g gypsum 
    
 
 
  
The BR1 and BR2 brick types were identified among the field survey cases and their photographs in 
Table ‎7.16 demonstrate the presence of the characteristically abundant GE. Its formation requires both an 
additional GE source (apart from the anhydrite-poor brick types BR1 and BR2) and a factor triggering its 
formation (instead of subsurface accumulation). Both can possibly originate from a carbonated mortar 
joint in masonry. Formation of a considerable gypsum source in the mortar joints was demonstrated in the 
previous section, while the GE triggering effect of mortar admixtures is discussed in the following ones. 
While GE is most pronounced on the brick surface (often leading to blaming the brick manufacturers for 
this surface blemish), the GE source and its trigger may actually originate from the mortar joint. 
7.4.3 Brick and carbonated cement paste  
The BR1 & B2+A3 setups contained both brick powder and a carbonated cement paste, see Table ‎7.17. 
The latter was prepared with an admixture, which turned out to be inert as it performed similarly to a pure 
B2 cement paste (Section ‎7.5.2), hence the effect of the admixture is not considered here. The test quickly 
yielded a major DR drop (Figure ‎7.5), accompanied by only negligible intergrain GE (Table ‎7.18), similar 
to the setup containing the cement paste only. This can likely be attributed solely to the GE source 
content (1.84g) being above the threshold range required to induce pore clogging (0.67-1.16g). The setup 
with the brick powder only (BR1 set in Table ‎7.16) yielded more surface discoloration due to calcite 
efflorescence formation, but here the additional GE source from the B2+A3 cement paste prevented this 
by quickly inducing pore clogging. It turns out then that the presence of a sufficient gypsum source in 
masonry, i.e. above the pore clogging threshold, may help avoiding formation of other types of 
efflorescences. A similar conclusion was reached for the gypsum setups (Section 6.4.4), where gypsum 
pore clogging hampered the surface accumulation of other sample-derived species. 
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Table ‎7.17  Overview of the ATM experiment variations and their settings, see Table ‎7.10 for the explanation of the 
setups‟ codes. 
Code BR1 & B2+A3 
Brick core BR1 
Test solution BR1 brick powder + carbonated cement (B2+A3) powder + water 
 
 
Figure ‎7.5 Drying rate evolution of ATM setups applied to evaluating brick powder and cement paste as GE 
  sources, separately (BR1, B2+A3) and combined (BR1 & B2+A3).  
 
Table ‎7.18  Summary of ATM experiments, the table layout is explained in Table 6.2. The last text row provides 
estimation of the amount of gypsum which can be possibly derived from the tested GE sources, which 
in this case is a sum of sources derived from combined brick and cement samples (Table ‎7.14 for 
explanation). 
BR1 & B2+A3 
13 (15 ± 5) % 
+ + + Gypsum 
− HCl 
Gypsum 
DR-drop 
 0.42g + 1.42g gypsum  
  
7.4.4 Discussion 
The GE source may be either in the form of anhydrite contained within the brick, or may be formed by 
carbonation of the mortar joint. The presence of a considerable gypsum source and conditions promoting 
efflorescence formation are however insufficient to always result in the characteristic abundant GE 
formation observed in the field survey. It was not obtained either for the ATM applied to carbonated 
cement paste or to brick powder. In case of the latter, it appears that anhydrite‟s exceptionally low 
dissolution rate is not a constraint for GE formation on masonry. However, the brick types selected in 
this exploratory study were deficient in anhydrite, which led to neither pore clogging nor considerable GE 
formation. This actually demonstrates that some existing brick types contain sulphate at levels which do 
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not contribute considerably to the GE risk, even though GE develops always preferentially on their 
surface. It is hence feasible to reduce the GE risk on the level of bricks manufacturing by minimizing the 
content of sulphate in the clay mix composition. That can possibly be achieved by the choice of low 
sulphur clays and fuels, and/or binding the sulphate present in clay mix into virtually insoluble BaSO4 by 
means of BaCO3 addition (Kindrick and Harrison, 1980; MacGregor Miller and Melander, 2003). While 
the latter approach allows for immobilising water soluble sulphates, it is not effective against virtually 
insoluble pyrite (FeS2), which may be possibly present in clay mix and give rise to water soluble sulphates 
after brick firing due to pyrite oxidation (Vogt and Tatarin, 2013). Conversely, carbonation of the tested 
commercial cements supplied sufficient amount of gypsum to induce pore clogging, and thus the 
subflorescing propensity of gypsum prevented abundant GE formation. Moreover, it appears to hinder 
formation of other types of efflorescence as well, and thus it might be hypothesised that a sufficient GE 
source content in masonry components may be actually recommended. This finds confirmation in the 
British experience, where thousands of millions of bricks with high anhydrite content were produced and 
used for construction with no history of considerable surface blemish for more than a century 
(Butterworth, 1957; Bowler and Fisher, 1989; Bowler and Winter, 1996). On the other hand, gypsum 
formation in mortars could have taken place as long as cement has been used for their preparation and in 
the case of Belgium pure cement mortars have been commonly used since the 1950‟s. In both cases, the 
GE sources were present in masonry far earlier than the first alarming reports on GE from 1980‟s in the 
UK and 1990‟s in Belgium. The apparent tendency of gypsum to crystallise under the surface may possibly 
explain the lack of GE on masonry over decades, regardless of its source presence either in a brick or 
mortar.  
The production of Portland cement requires intensive grinding of its components, and grinding aids are 
used to facilitate this process. The British study on GE (Bowler and Winter, 1997) suggested that some of 
these substances might have triggered GE formation similarly to mortar admixtures. However, the tests 
applied to the selected Belgian cements demonstrate that in their case the used substances did not bring 
such a risk. 
The ATM experiments on carbonated cement, brick powder and their mixture, combined with the 
literature data demonstrate that a presence of a GE source in masonry is indeed a necessary but not a 
sufficient condition to yield abundant GE (as found in the field survey). Instead, regardless of the GE 
source, gypsum shows a specific tendency for subsurface accumulation, which yields slight intergrain GE 
at most. The next section therefore investigates the effect of admixtures, which both in Belgium and in 
the UK have been recently introduced to mortar formulations, and can therefore shed light on the genesis 
of this problem. 
7.5 Mortar admixtures 
The experiments applied to carbonated cement confirmed that gypsum exhibits a subflorescing propensity 
regardless of its source, and hence that a GE source present in masonry alone does not necessarily result 
in the formation of abundant GE. It therefore requires an additional factor, pointing at mortar admixtures 
which were suspected previously of triggering GE (Bowler and Winter, 1997). In the following sections 
we focus on their effect on the GE risk by applying the ATM methodology. First, the common Belgian 
admixture products were benchmarked with a simplified test setup, and next the effect of two selected 
products was evaluated under more realistic conditions: together with a brick powder and as a carbonated 
cement paste component.  
7.5.1 Admixtures benchmarking 
The common British mortar admixtures (suspected for triggering GE) are reported to be surfactant based, 
hence significantly reducing the surface tension (Bowler and Winter, 1997). We therefore tested whether 
the selected common Belgian products also exert a similar effect, see the list of setups in Table ‎7.19. 
Table ‎7.20 confirms this for the selected admixtures (A1-A4), indicating that their active compound is a 
surfactant. The same test was also applied to a concrete superplasticizer A5, which in contrast did not alter 
significantly the surface tension. 
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Table ‎7.19  Overview of the ATM experiment variations and their settings, see Table ‎7.10 for the explanation of the 
setups‟ codes. 
Code G+A1 G+A2 G+A3 G+A4 G+A5 
Brick core BR1 saturated in gypsum and admixture solution (G+A1 – G+A5) 
Test solution CaSO4∙2H2O 
Table ‎7.20  Surface tension (average ± SD) of gypsum solution (G), water and admixture & gypsum (G+A1 – 
G+A5) solutions.  
Solution Surface tension [mN/m
2
] 
G 70.7 ± 0.7 
Water 70.0 ± 0.1 
G+A5 69.4 ± 0.2 
G+A3 29.2 ± 0.4 
G+A2 28.9 ± 0.2 
G+A4 25.8 ± 0.0 
G+A1 24.0 ± 0.0 
Influence on the GE risk 
The introduction of mortar admixtures (A1-4) to the ATM gypsum setup led to overcoming the typical 
major DR drop, see Figure ‎7.6. Moreover, the A3 product resulted in a DR even higher than for water 
setups (43 kg/(m2∙day) on average, see W set in Figure 6.11 A) owing to the formation of abundant 
dendritic surface efflorescence (Table ‎7.21), which enlarged the drying surface area and consequently the 
DR as well. Out of the four admixtures, the A4 altered the DR the least, resulting in a moderate DR, 
which eventually showed a major drop. The high DR translated into an efficient transport of gypsum 
solution and gypsum precipitation on the surface, what resulted in formation of abundant GE, see 
G+A1-4 in Table ‎7.21. The formed efflorescence was very abundant. The A1-4 admixtures composition is 
based on surfactants, as demonstrated by their crucial reduction of the surface tension (Table ‎7.20). This 
suggests that the presence of surfactants changed the gypsum propensity from subsurface accumulation 
into surface efflorescence. In the absence of surfactants gypsum accumulated below the sample surface, 
what might be possibly explained by the gypsum‟s propensity for crystallisation at a solid-liquid interface, 
hence also within the brick pores (Section 6.3.2). On the other hand, surfactants accumulate at a liquid-air 
interface, where they can prompt nucleation and crystallisation (Canselier, 1993), and in this way promote 
crystallisation at the brick surface instead, resulting in efflorescence formation. Gypsum efflorescence 
formed in the presence of admixtures was initially in the form of complex dendritic structures, which 
upon frequent wetting cycles recrystallized into more bulky forms, but nevertheless their initial dendritic 
structure was often still partly preserved what can be noticed on the magnified pictures in Table ‎7.21. In 
contrast, in absence of admixtures gypsum crystallised as densely packed stacks of plates (Figure 6.8). The 
different crystal habits could be also possibly explained by the effect of surfactants: their adsorption onto 
crystalline faces alters the crystal growth process and in turn modifies both habit and size distribution of 
crystal products (Canselier, 1993). These effects could be possibly investigated by crystallisation 
experiments carried out in glass capillaries (Rodriguez-Navarro and Doehne, 1999; Shahidzadeh-Bonn et 
al., 2008), by e.g. comparing behaviour of gypsum solution with addition of admixture to a pure one. 
Gypsum efflorescence found on actual constructions was also in form of local thick accumulations, 
though less abundant and without the dendritic shape aspect (Table 4.1). The particular abundance of 
laboratory simulated GE is attributed to both unlimited gypsum source supplied at a relatively high 
concentration (2.2 g/L gypsum solution, equivalent of 85% gypsum saturation at 20°C) and to drying 
conditions optimised for promoting efflorescence growth (35°C, 21% RH, continuous air flow). The lack 
of dendritic aspect on field survey cases is likely related to the fact that over years the developing GE was 
subjected to hundreds of intensive wetting episodes, upon which the forming deposit recrystallized. Under 
the ATM conditions the wetting water was completely absorbed by a brick within less than 50 minutes, 
what yielded only its partial recrystallization, in some cases still preserving its initial dendritic aspect. 
CHAPTER 7 - Gypsum efflorescence factors 
82 
 
The concrete superplasticizer A5 did not alter the gypsum crystallisation behaviour and the setups 
performed similarly to the ones with gypsum solution only (G in Table 6.4). DR drop was quickly 
generated by pore clogging, accompanied by a scarce intergrain GE, albeit even less pronounced than for 
the reference gypsum setups. The A5 product is a concrete superplasticizer (sulphonated melamine 
formaldehyde condensate, Table ‎7.6) which in contrast to surfactant based products does not alter the 
surface tension (Table ‎7.20). The sulphonated melamine superplasticizers are reported to have no 
substantial effect on gypsum crystallisation (Middendorf and Budelmann, 1995), what is in line with the 
present results. 
 
Figure ‎7.6  Effect of addition of mortar admixtures (A1-4) and concrete superplasticizer (A5) to the test solution 
(gypsum) on the drying rate evolution.  
 
Table ‎7.21  Summary of ATM experiments, the table layout is explained in Table 6.2. The A(X) symbol identifies 
sets within which abundant GE was found, while X stands for the number of affected samples out of 
four. 
G+A1 G+A2 G+A3 G+A4 G+A5 
77 (81 ± 6) % 83 (88 ± 9) % 92 (90 ± 5) % 72 (57 ± 20) % 1 (1 ± 2) % 
+ + + Gypsum + + + Gypsum + + + Gypsum + + + Gypsum + + Gypsum 
− HCl − HCl − HCl − HCl − HCl 
Gypsum Gypsum Gypsum Gypsum Gypsum 
High DR High DR High DR Moderate DR DR drop 
     
     
 
Influence on the wick performance 
Based on the benchmarking results, the A3 and A5 admixtures were selected for further evaluation. The 
former triggered the most abundant GE, while the latter was the only one that did not alter the 
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subflorescing propensity of gypsum. In the first step the above experiment was modified by replacing 
gypsum solution with distilled water (Table ‎7.22) to investigate the effect on the wick process only, see 
Figure ‎7.7. The results for the setups with A3 addition (W+A3) and water setups (W) show considerable 
scatter and overlap, thus it cannot be judged whether they differ significantly regardless of a major 
difference in their average DRs. The average DR for the W+A3 is lower than for the W setups, hence 
there is no indication of a beneficial effect of the A3 admixture on the efflorescence formation by e.g. 
enhancing the wick process. The GE triggering effect thus appears to work through altering gypsum 
crystallisation behaviour only. In contrast, the setups with addition of the A5 concrete superplasticizer 
(W+A5) showed very repeatable DR, which on average was substantially lower than for the water setups 
(W). However, the reason for this effect cannot be explained from the available data. 
Table ‎7.22  Overview of the ATM experiment variations and their settings, see Table ‎7.10 for the explanation of the 
setups‟ codes. 
Code W+A3 W+A5 
Brick core BR1 saturated in water-admixture solution (W+A3 or W+A5) 
Test solution Water 
 
 
Figure ‎7.7  Effect of addition of mortar admixture (A3) and concrete superplasticizer (A5) to the test solution 
(water) on the drying rate evolution.  
7.5.2 Carbonated cement & admixture paste  
The ATM test applied to carbonated cement pastes containing admixtures yielded controversial results. 
While addition of the A3 admixture resulted in overcoming gypsum pore clogging and consequently 
generated high DR when tested with gypsum solution, its addition to B1 and B2 cement pastes 
(Table ‎7.23) did not yield such effect anymore. Instead, in both cases a major DR drop took place 
(Figure ‎7.8), similar as for pure carbonated cement pastes (Figure ‎7.2), and was accompanied by a slight 
intergrain GE (Table ‎7.24). The reason for the lack of the expected admixture effect is not clear, it might 
be possibly explained by its encapsulation in a complex structure of cement paste, or another type of 
immobilising interaction. This hypothesis can be assessed in future by determining the amount of 
admixture leached from a carbonated cement sample (estimated from the measurement of total organic 
carbon in leachate (Dransfield, 2007)) and comparing it to the amount of admixture added during cement 
paste preparation. 
In contrast, the superplasticizer A5 led to a major DR drop when tested in the gypsum ATM setup, but its 
addition to both cement pastes resulted in a high DR maintained over the test duration (Figure ‎7.8), 
accompanied by a pronounced calcite efflorescence (B1+A5) or abundant gypsum and calcite 
efflorescence (B2+A5) formation (Table ‎7.24). Carbonation of the B1+A5 cement paste did not result in 
gypsum formation, which explains the lack of gypsum in the deposit. The A5 superplasticizer thus 
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retarded cement carbonation, which is further supported by the development of calcite efflorescence 
originating from the noncarbonated portlandite. No such effect was observed for the composition with 
the B2 cement paste. A significant amount of gypsum was formed upon carbonation, and abundant GE 
formation was observed. Even though A5 superplasticizer did not alter gypsum‟s subflorescing tendency 
in experiments with gypsum solution, it showed specific interaction effects with cement, which led either 
to limiting of the GE risk, or alternatively its enhancement. While these preliminary results demonstrate 
the complex chemistry of cement systems and its interactions with mortar admixtures and 
superplasticizers, they are not sufficient to explain the underlying mechanisms. Investigating the nature of 
these specific interactions between admixtures and hydrated Portland cement may pose a difficult 
analytical problem. It can be attributed to very low dosage of admixtures (Ramachandran, 1995) and the 
fact that their interactions involve a wide diversity of phenomena, resulting from the reaction between two 
complex chemical systems: multi-phasic hydrated Portland cement and multi-component commercial 
admixtures formulations (Jolicoeur and Simard, 1998).  
Table ‎7.23  Overview of the ATM experiment variations and their settings, see Table ‎7.10 for the explanation of the 
setups‟ codes. 
Code B1+A3 B2+A3 B1+A5 B2+A5 B5 
Brick core BR1 BR1 BR1 BR1 BR1 
Test solution Powder of carbonated ‘cement and admixture’ paste + water 
 
 
Figure ‎7.8 Drying rate evolution of ATM setups applied to carbonated cement pastes containing admixtures. 
Carbonation of the commercial premixed formulation B5 led to a formation of the most abundant GE 
source (compare Table ‎7.14 and Table ‎7.24). All samples were considerably covered with gypsum deposit, 
reminiscent of GE cases identified during field survey. At the same time gypsum crystallisation did not 
constrain surface evaporation as reflected by a high DR (Figure ‎7.8). This shows both that (i) commercial 
mortar formulations can supply sufficient amount of gypsum after their carbonation and (ii) may contain 
components triggering abundant GE formation at the masonry surface. The admixture component of B5 
formulation appears to maintain its GE triggering properties even after its incorporation in a cement 
paste, followed by its hydration (28 days) and carbonation (70 days). The experiments on masonry 
wallettes (Bowler and Sharp, 1998) demonstrated that this can hold true even after a couple of years after 
their construction. Moreover, while the admixtures A3 and A5 were overdosed at a three times surplus (as 
an initial attempt to reflect common practice), the B5 mortar is a premixed composition and its admixture 
content was not increased. It shows that the actual admixtures levels in commercial premixed products 
might be sufficient to trigger GE formation. 
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Table ‎7.24  Summary of ATM experiments, the table layout is explained in Table 6.2. The last text row provides 
estimation of the amount of gypsum which can be possibly derived from the tested GE source (see 
Table ‎7.14 for explanation). The A(X) symbol identifies sets within which abundant GE was found, 
while X stands for the number of affected samples out of four.  
B1+A3 B2+A3 B1+A5 B2+A5 B5 
5 (9 ± 5) % 6 (6 ± 2) % 16 (10 ± 4) % 47 (52 ± 20) % 58 (44 ± 15) % 
+ + + Gypsum + + + Gypsum + Calcite + + + Gypsum + + + Gypsum 
− HCl − HCl + + + HCl + HCl − HCl 
Gypsum Gypsum Calcite Gypsum & Calcite Gypsum 
DR drop DR drop High DR High DR High DR 
1.51g gypsum 1.42g gypsum 0.04g gypsum 1.32g gypsum 5.15g gypsum 
     
     
7.5.3 Brick & admixture  
Addition of the A3 mortar admixture to the BR1 brick powder (Table ‎7.25) resulted in inconsistent 
outcomes. Three setups performed similarly in terms of DR evolution (BR1+A3 (3s) in Figure ‎7.9) and 
efflorescence formation (Table ‎7.26) to the ones with brick powder only (BR1 in Table ‎7.16). In both 
(BR1 and BR1+A3) tests the brick powder supplied the same low amount of gypsum, and the results 
showed that it is insufficient to either cause pore clogging or accumulate as abundant GE. On the other 
hand, a single setup showed exceptionally high DR (BR1+A3 (1s) in Figure ‎7.9) accompanied by abundant 
GE, similarly to the A3 admixture performance in the benchmarking test (Section ‎7.5.1). The tested brick 
powder was fine and homogenous, and it is hence improbable that the brick powder sample in one setup 
contained more GE source. Another possibility is that a single brick core was enriched in calcium sulphate 
(e.g. in form of coarser grains) which was not completely extracted during the leaching procedure. 
Regardless of the origin of GE, this single experiment demonstrated that the admixture addition triggered 
abundant GE formation. In contrast, the addition of the A5 superplasticizer did not alter the DR 
evolution (Figure ‎7.9), but led apparently to a less pronounced efflorescence than for the brick powder 
only (BR1 in Table ‎7.16).  
The ATM tests applied to brick powder, with and without the GE-triggering A3 admixture, resulted in a 
slight GE only and no gypsum pore clogging in all cases (but a single one). It demonstrated that these 
brick types do not contribute to the GE risk due to the very low GE source content (0.42-0.61g gypsum), 
what is not necessarily the case for other commercial brick types containing as much 7.25g GE 
source/brick. Bowler and Winter‟s efflorescence test applied to bricks rich in anhydrite in presence of 
mortar admixtures did indeed yield the characteristic GE formation (Bowler and Winter, 1997). It would 
be then of benefit to repeat the ATM tests, and apply them to brick types containing more abundant GE 
source, which could lead either to a measurable DR drop (via gypsum pore clogging) or abundant GE 
formation.  
A(3) A(4) 
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Table ‎7.25  Overview of the ATM experiment variations and their settings, see Table ‎7.10 for the explanation of the 
setups‟ codes. 
Code BR1+A3 BR1+A5  
Brick core BR1 BR1 
Test solution BR1 brick powder + water + admixture 
 
Figure ‎7.9 DR evolution of ATM setups applied to evaluation of a brick (BR1) with addition of admixtures (A3 and 
A5). The results for the BR1+A3 set is split into two plots: the average for three samples BR1+A3(3s), 
and a single result BR1+A3(1s) for an outstanding setup (which yielded abundant GE). 
 
Table ‎7.26   Summary of ATM experiments, the table layout is explained in Table 6.2. The last text row provides 
estimation of the amount of gypsum which can be possibly derived from the tested GE source (see 
Table ‎7.14 for explanation). The A(X) symbol identifies sets within which abundant GE was found, 
while X stands for the number of affected samples out of four 
BR1+A3 BR1+A5  
38 (36 ± 12) % 15 (12 ± 4) % 
+ + + Gypsum ? Gypsum 
+ HCl + + HCl 
Gypsum & Calcite Calcite & Gypsum? 
High DR High DR 
0.42g gypsum 0.42g gypsum 
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7.5.4 Discussion 
The role of admixtures in the recent GE outbreak 
Abundant GE formation was triggered by all tested surfactant-based admixtures in the benchmarking test. 
The tests applied to cement paste and brick powder yielded inconsistent results, but nevertheless 
confirmed that this can also hold for triggering GE from masonry components. The characteristic 
abundant GE form was obtained only for the setups containing admixtures; otherwise the tests led to a 
scarce GE, in some cases accompanied by calcite efflorescence. These findings are in line with the Bowler 
et al. (1997, 1998) results, as they similarly succeeded to simulate GE formation only by implementing 
admixtures in their (i) impregnation & drying test and the (ii) masonry wallette testing. The major role of 
mortar admixtures is further supported by the fact that their increasing use starting from the 80‟s 
coincides with the outbreak of GE cases in both Belgium and the UK. This correlation together with the 
experimental data strongly suggests that the use of mortar admixtures is responsible for the recent GE 
onset. 
ATM applied to admixtures evaluation 
The GE risk is a function of the GE source availability, the presence of admixtures, and their interaction 
with hydrating cement. An exploratory admixture benchmarking test can identify products which can 
trigger abundant GE. However, this capability can be hindered by admixture entrapment in a hardened 
cement paste or by an insufficient GE source. The choice of a test should be hence motivated by a well-
defined research question.  
The effect of a superplasticizer 
The commercial plasticizers sufficiently reduce the requirement for water addition to masonry mortars, 
hence up till now there was no significant demand for applying more specialised and expensive 
superplasticizer products. However, the common plasticizers are surfactant based, what apparently may 
trigger abundant GE formation. The tested superplasticizer A5 did not affect the surface tension, and the 
benchmarking test revealed that it neither led to abundant GE, what makes it a potential replacement for 
plasticizers. However, the preliminary results showed that its interaction with cement paste may 
nevertheless lead to abundant GE. It further demonstrates, that the simple benchmarking test may not be 
sufficient to predict their performance, hence it appears necessary to evaluate them as a cement paste 
components. Moreover, sulponate-type superplasticizers do not induce air entrainment (Mosquet, 2003), 
and thus cannot be considered as an air-entrainer substitute.  
7.6 Conclusions 
The present study was designed to adapt the developed ATM for evaluating masonry components. It 
required determining a representative sample amount to assure the test reliability and adjusting the cement 
carbonation procedure. A series of tests were realised using the optimised methodology and they yielded 
formulation of numerous conclusions, which may help avoiding the GE problem and set directions for 
future research. 
The ATM results confirm the field survey findings, suggesting that the GE risk is independent of the 
moisture properties of commercial hand moulded bricks. Application of an extruded brick did not bring 
any advantage either. Moreover, it yielded a considerable shiny GE film due to its specific surface 
properties, while the hand moulded bricks developed negligible intergrain GE under the same 
experimental conditions.  
Both brick and mortar can be the sources of calcium sulphate(s), via respectively the dissolution of 
anhydrite or the carbonation of ettringite. And despite their low solubility, calcium sulphate(s) can be 
dissolved in the pore water, and transported via diffusion and advection. All the mechanisms related to 
sources, transport and crystallisation are equally active in older cement-based masonry, contrary to the 
more recent nature of the gypsum efﬂorescence problem. The lack of GE on older masonry buildings is 
likely attributed to gypsum‟s tendency to crystallize below the surface, leading to subﬂorescence instead of 
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efﬂorescence. This phenomenon was demonstrated both on tests applied to gypsum solution and 
carbonated cement paste, what contributes to the existing knowledge on salt crystallisation behaviour. On 
the other hand, the selected brick types contained insufficient GE source to yield either pore clogging or 
abundant GE. It implies that among the commercial clay bricks there are types which do not likely 
contribute to the GE risk owing to their very low GE source content, and hence possibly also other brick 
types can be possibly optimised in this direction.  
Gypsum efﬂorescence has sprung up during the last three decades, what apparently coincides with the 
increased use of admixtures as components of mortar formulations. The present study provides additional 
evidence for the crucial role of surfactant based products. Indeed, abundant GE was obtained only for the 
setups where mortar admixtures were applied. The test on masonry mortar formulation demonstrated that 
the mortar joint may supply both a sufficient GE source and admixtures triggering abundant GE 
formation. The latter may stay active even after a long period of cement paste hydration and carbonation. 
The experimental and literature data suggest that mortar admixtures are responsible for the recent GE 
outbreak and therefore they should be avoided in mortar formulations.  
The superplasticizers show potential for providing sufficient mortar mix workability without inducing GE 
formation, as they may decrease water demand of mortar without affecting the surface tension. It needs to 
be noted though, that they cannot be considered as replacement for air-entraining agents, while a lack of 
the latter may result in insufficient freeze-thaw durability of hardened mortar. Moreover, the preliminary 
test revealed that they may yield a specific interaction with cement resulting in abundant GE formation. 
The nature of the interaction is not known and hence further research is required to optimise them for 
application in masonry mortars.  
One of the more significant findings to emerge from this study is that in the absence of surfactant based 
admixtures, the presence of a considerable GE source does not lead to GE formation owing to the 
gypsum subflorescing tendency. Moreover, gypsum pore clogging appears to prevent from formation of 
other types of efflorescence. The efflorescence free, old masonry buildings demonstrate that avoiding this 
problem in future is possible. Our findings enhance understanding of the GE genesis, and indicate that 
this problem can be possibly solved without limiting the GE source content in masonry, but rather by 
finding an inert replacement for mortar admixtures. 
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8 Conclusions and perspectives 
8.1 General conclusions 
Even though persistent efflorescence on Belgian masonry has been recognised for the last two decades, 
little was known about its composition, nature, and origin. Over the last years the number of reported 
cases was growing progressively, to an extent which created a considerable threat for a ceramic industry. 
This PhD project was initiated in response to this increasing problem, to enhance our understanding of 
this puzzling phenomenon, but also to provide tools allowing avoiding it in future. Both aims were 
successfully fulfilled. For the first time a detailed field study has been realised to investigate the Belgian 
cases, what allowed establishing the composition of persistent efflorescence and identifying its sources. A 
particular attention was paid to demonstrate the formation of efflorescence source in mortar, by designing 
and carrying out a tailored cement paste carbonation experiment. The main findings of these two studies 
helped defining requirements for designing an efflorescence test method. The developed method solved 
the shortcomings of the existing ones, by being versatile and significantly faster. Its application to a range 
of masonry components: bricks, cements and admixtures, yielded first insights on their contribution to the 
efflorescence risk and shed light on the possible solutions to the problem. The intermediate results and 
findings presented in this thesis allow answering the main research questions (Section 1.2), and they are 
addressed below. 
1. GE characteristics, mechanism and sources 
The field survey of the GE cases in Belgium enabled a comparison of its characteristic features with 
other studies, and shed light on the mechanism and source of GE. The analysed data complemented 
by results from the cement paste carbonation and accelerated test method studies allowed answering 
the following two questions: 
1.1. What is the composition of persistent efflorescence in Belgium? What are its characteristic features and how do they 
relate to the British and Dutch cases? 
The efflorescence composition was determined in 19 out of 28 cases. In 13 of these gypsum was 
identified as the only or predominant component, while in 5 more cases it was accompanied by 
calcite. Persistent efflorescence develops exclusively on constructions erected within the last two 
decades, affecting mostly bricks on facades exposed to wind-driven rain (SW), and locally takes 
the form of abundant crusts. The property owners often reported that they perceived the 
efflorescence only after a couple of years, but it is not clear whether it was due to a delayed or 
slow development. The Belgian efflorescence cases share the same characteristics as the reported 
British (Bowler and Winter, 1996) and Dutch ones (Brocken and Nijland, 2004), thus it is likely 
that the same mechanism is responsible for their recent occurrence. 
1.2. Are the GE components derived from internal or external sources?  
Gypsum crusts typically formed on calcareous stones have a blackish appearance and develop on 
sheltered parts of a building (Steiger et al., 2011). In contrast, the recent GE cases have a grey-
white appearance and develop on the walls facing the prevailing wind-driven rain loads. The 
latter underlines the major role of wetting and drying conditions, implying that moisture transfer 
inside the masonry (facilitating the dissolution, transport and precipitation of gypsum) is a crucial 
factor. GE components are hence derived exclusively from the masonry components, and not 
from external sources like polluted air. Both masonry components can be direct sources of GE. 
Gypsum formation upon cement paste carbonation was demonstrated with a dedicated static 
dissolution monitoring experiment. The same experiment applied to brick moreover confirmed 
the presence of anhydrite in tested bricks. Finally, the ATM tests applied to brick and carbonated 
cements produced different degrees of GE, clearly demonstrating that these GE sources can lead 
to the GE formation.  
 
2. Aim: development of a fast and versatile efflorescence test method 
The field survey enhanced our understanding of GE and processes leading to its formation, what set a 
direction for developing an accelerated efflorescence test method. 
An accelerated test method for assessing GE risk was successfully developed. The method was 
validated in three ways: under laboratory climate conditions, with an alternative NaCl test solution 
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and with respect to the effect of position in the climate cabinet. The developed methodology 
allows for an independent evaluation of (i) brick and cement as GE sources, (ii) the effect of brick 
moisture properties, and (iii) the effect of mortar admixtures. If required, the test can be applied 
to multiple factors at once. When applied to the evaluation of masonry components, the ATM 
test in many cases produced abundant GE, reminiscent of GE found on buildings investigated 
during the field survey. Moreover, while the Bowler and Winter (1997) efflorescence tests took at 
least one year (for brick only) or a couple of years (for masonry wallettes), the ATM shortens the 
test duration significantly: down to four weeks when applied to the brick or admixtures, and 
down to four months when cement paste carbonation was included.  
 
3. GE genesis 
The ATM test was applied to investigate the gypsum crystallisation behaviour. The experimental data 
supported by field survey observations and literature data contributed to elucidating the genesis of the 
recent GE occurrence.  
3.1. Why did GE not occur before 80-90’s and what triggered its formation later on? 
The ATM tests have confirmed that gypsum exhibits an intrinsic subflorescing property, which 
results in its accumulation just beneath the drying surface, instead of forming the usual surface 
efflorescence typical for many common salts. It means that the presence of a considerable GE 
source in masonry is not solely sufficient to yield abundant GE as observed in the field survey 
cases. This was indeed experimentally observed in our ATM tests applied to carbonated cement 
as well as in Bowler and Winter’s tests applied to anhydrite-rich bricks (Bowler and Winter, 
1997). Moreover, when the GE source is present in a sufficient amount, its subsurface 
accumulation may lead to pore clogging, virtually arresting moisture transport to the surface. The 
threshold of the GE source content inducing pore clogging was estimated at 0.67-1.16g 
gypsum/brick. The ATM experiments have actually demonstrated that this pore clogging 
prevents the formation of other types of efflorescence, and could hence be considered desirable. 
This phenomenon may explain the British experiences: no GE was observed for tens of years 
regardless of a wide use of traditional Fletton bricks rich in anhydrite (Bowler and Fisher, 1989). 
This inference can probably also be extrapolated to the Belgian and Dutch GE cases, because 
bricks containing considerable amount of anhydrite have not been uncommon in the range 
available on the market. However, while gypsum pore clogging was demonstrated 
experimentally, no investigation has yet addressed its actual occurrence in older masonry 
constructions. 
A considerable GE source presence is necessary, but not sufficient solely, to yield abundant GE, 
owing to gypsum’s subflorescing propensity. Accumulation of gypsum on the surface of a drying 
porous medium hence requires the presence of an additional factor. Mortar admixtures turned 
out to trigger abundant GE when ATM-tested with gypsum solution, and in some cases when 
tested together with brick powder or as component of carbonated cement paste. This is in line 
with the results of Bowler and Winter (1997), who reproduced abundant GE formation only in 
cases where the admixtures were implemented in tests. Both in Belgium and in the UK the onset 
of GE cases correlates with an increased use of mortar admixtures, indicating them as the reason 
for the recent outbreak of persistent efflorescence.  
 
4. GE risk 
The developed ATM test was applied to separately evaluate the contribution of different masonry 
components towards the GE risk. A versatile test design allowed addressing and answering the 
following specific questions:  
4.1. Can brick provide a sufficient amount of the GE source? 
Bricks may contain anhydrous calcium sulphate (anhydrite), characterised by a particularly low 
solubility and slow dissolution. In ATM tests anhydrite-poor bricks (0.42-0.61g gypsum/brick) 
were used, which produced only slight GE formation, but these nevertheless confirmed that the 
particularly low solubility or slow dissolution of anhydrite does not preclude its contribution to 
GE formation. Nevertheless, due to their very low GE source content, an abundant GE was not 
obtained. On the other hand, GE formation from the British anhydrite-rich bricks was clearly 
demonstrated experimentally in other studies (Bowler and Winter, 1997). Bricks with a sizeable 
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anhydrite content are also commercially available in Belgium, one type of which (with about 7g 
gypsum/brick) was identified among the field survey cases.   
4.2. Can mortar provide a sufficient amount of the GE source? 
GE was identified in field survey cases on facades, where bricks deficient in anhydrite were used 
(e.g. 0.19g gypsum/brick), what showed that gypsum was derived from the mortar joints. Indeed, 
gypsum formation upon cement paste carbonation was demonstrated with a tailored dissolution 
monitoring experiment. Its formation takes place after an induction period required for sufficient 
cement paste carbonation, what may be reflected in the reported delayed GE occurrence. The 
ATM test applied to a carbonated binder (from the premixed mortar) confirmed that it can yield 
abundant GE, reminiscent of the GE found during field survey, owing to both a sufficient GE 
source (5.15g gypsum/brick) and the presence of mortar admixtures. On the other hand, the 
same test applied to four commercial cements resulted in a negligible GE only. Even though the 
GE source content (1.20-2.94g gypsum/brick) could have been sufficient to yield considerable 
GE, its formation was inhibited by pore clogging (threshold at 0.67-1.16g gypsum/brick), in 
absence of any GE triggering mortar admixtures. 
4.3. Is it possible to limit the brick contribution to the GE risk by limiting its GE source?  
Anhydrite in bricks originates either from calcium sulphate(s) present in clay mix, or is formed 
upon reaction of calcium compounds with other sulphates originating from clay components or 
from burnt fuel (Vogt and Tatarin, 2013). The anhydrite content can thus be limited by using low 
sulphur clays and fuels. On the other hand, the water soluble sulphate present in the clay mix can 
be bound into virtually insoluble compounds by addition of BaCO3 during the production 
process. However, this procedure is not effective in case of presence of virtually insoluble pyrite 
in clay mix, which can give rise to water soluble sulphates upon its oxidation during brick firing 
(Vogt and Tatarin, 2013). Bricks particularly deficient in anhydrite are commercially available in 
Belgium, and two types were ATM tested. The tests yielded negligible GE, regardless whether 
admixtures were used or not, what demonstrated that brick’s contribution to GE can be limited 
at the level of its source abundance. On the other hand, the tests demonstrated that in absence 
of a sufficient GE source no gypsum pore clogging takes place (threshold at 0.67-1.16g 
gypsum/brick), what may lead to formation of other type of persistent efflorescence (calcite). 
4.4. Is it possible to limit the brick contribution to the GE risk by optimizing its moisture properties?  
The analysis of field survey cases did not reveal any correlation between the GE risk and brick 
moisture properties (within the range found for commercial products). This was further 
supported by an exploratory ATM test applied to two brick types characterised by significantly 
different Acap. Nevertheless, limiting the Acap below the commonly found values may possibly 
limit the GE risk by constraining the water uptake and drying processes. Testing an extruded 
brick type did not reveal an advantage either, instead it apparently yielded a considerable shiny 
GE film. 
4.5. Is it possible to limit the mortar contribution to the GE risk by reducing the calcium sulphate(s) addition to 
cement?  
A surplus of calcium sulphate(s) is added to cement for economic reasons (Škapa, 2009). On the 
other hand, a recent study (Tsamatsoulis and Nikolakakos, 2013) demonstrated that even 
without their addition cements can yield 85-90% of their optimised strength, as already 
considerable amounts of sulphate may be present in cement clinker. The amount of sulphate in 
cement can be further decreased by diluting the ground clinker by addition of SCMs (Ghosh, 
2003). While it shows a potential for major reduction of calcium sulphate(s) addition, it needs to 
be seen though whether this would not compromise other important cement properties (e.g. 
setting properties).  
4.6. Is it possible to limit the mortar contribution to the GE risk by inhibiting gypsum formation in a cement paste? 
The carbonation monitoring study confirmed that the decomposition of ettringite and 
monosulphate to gypsum was delayed due to a stabilising effect of CH, and thus could be also 
possibly arrested by maintaining a sufficient CH content in a cement paste. Pozzolanic SCMs 
consume the formed CH, hence seemingly their reduction or elimination could potentially retard 
gypsum formation in mortar. However, while this study has confirmed the accelerating effect of 
fly ash and granulated blast furnace slag on the process of cement paste carbonation (Šavija and 
Luković, 2016), these two did not advance the major gypsum release, as it actually took place 
with similar delay for both pure and SCM blended cements. On the other hand, part of Portland 
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cement in mortar could be possibly substituted by CH (cement-lime mortar), what may hinder 
the process of gypsum release owing to a formation of a dense carbonated zone (Brocken et al., 
2000). This concept was however not addressed in this study and requires further research. 
4.7. Is it possible to limit the GE risk by eliminating the surfactant-based mortar admixtures?  
In absence of GE triggering admixture products gypsum accumulates below the surface, and 
hence does not spoil its appearance. A sufficient GE source content, i.e. above the threshold 
level for pore clogging (0.67-1.16g gypsum/brick) may also reduce a risk of other types of 
efflorescence. Such level could be possibly supplied by both cement and brick: the tested 
commercial cements proved to release a sufficient amount of gypsum upon carbonation (1.20-
5.15g gypsum/brick), while there are commercial brick types containing enough of the GE 
source (e.g. 7.16g gypsum/brick, as identified within the field survey cases). Elimination of the 
admixtures may hence potentially solve the GE problem without a need for limiting the GE 
source content in mortar or brick. 
Gypsum efflorescence emerges as an extraordinarily complex phenomenon, as its genesis relates to such 
aspects as (among others) carbonation and decomposition of hydrated cement phases, specific 
crystallisation behaviour of gypsum, and its alteration by a distinct interaction with surfactant compounds. 
Revealing these mechanisms was possible only on account of a comprehensive approach including field 
and laboratory studies.  
8.2 Research perspectives 
This study explored the genesis of GE cases in Belgium and owing to the developed accelerated 
efflorescence test it provided recommendations aiming at limiting the GE occurrence in the future. While 
these have enabled us to answer the above questions, some aspects remain to be addressed, and are 
explained in the following sections. 
Subflorescing propensity of gypsum 
The particular behaviour of gypsum – its tendency for accumulation beneath the surface under conditions 
promoting efflorescence formation – has been reported previously for a variety of materials: bricks 
(Franke and Grabau, 1994, 1998), limestone (Cardell et al., 2008), sandstones (Snethlage and Wendler, 
1997), granites (Charola et al., 2006), gypsum plaster (Seck et al., 2015), and has been confirmed in this 
study for an exemplary commercial Belgian clay brick. These studies suggest that gypsum’s subflorescing 
propensity is not related to particular properties of a transport medium, neither to drying conditions, as 
demonstrated on the example of ATM test carried out under laboratory (24 ± 2°C, 53 ± 7% RH) and 
accelerated conditions (35 ± 2°C and 21 ± 4% RH) (Section 6.4.3). The effect of the brick moisture 
properties was preliminarily assessed on two hand-moulded brick types. It would be also of interest to 
establish a relation between the brick’s porosity (e.g. pore size distribution) and the pore clogging (e.g. 
amount of accumulated gypsum) for a wider range of brick types.  
The observed gypsum subsurface accumulation might indicate that it exhibits particularly strong 
preference for crystallisation at the solid-liquid interface (e.g. subflorescence in the brick’s porosity) over 
the liquid-air one (efflorescence at the drying front on the brick surface). This hypothesis may be possibly 
tested with crystallisation experiments carried out in glass capillaries (Rodriguez-Navarro and Doehne, 
1999; Shahidzadeh-Bonn et al., 2008), which allow observing initiation of the crystallisation process and 
precisely identifying the crystallisation location, taking advantage of observation under an optical 
microscope. These experiments would possibly increase our understanding of the pore-clogging 
phenomenon and enable us to model better the underlying processes (Todorovic and Janssen, 2014, 
2015). 
One of the key findings is linking the lack of GE on older masonry with gypsum’s subflorescing tendency 
and the ensuing pore clogging. While this phenomenon was demonstrated experimentally, no investigation 
has yet targeted examining older unblemished masonry constructions for its actual occurrence. Attempts 
were made in this project to get permission for sampling masonry cores from selected masonry 
constructions, but the construction owners were always reluctant, mostly due to fear of damaging their 
facades.  
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The GE triggering effect of admixtures 
The ATM test applied to gypsum solution yielded subflorescence formation, but addition of a slight 
amount of surfactant-based mortar admixtures triggered formation of abundant efflorescence under the 
same experimental conditions. This exceptional effect may be possibly explained by accumulation of 
surfactants at the liquid-air interface (drying front on the brick surface), where they can induce nucleation 
and salts crystallisation (Canselier, 1993). This effect, similarly as for gypsum’s subflorescing propensity, 
could be investigated be means of a crystallisation test carried out in glass capillaries (Rodriguez-Navarro 
and Doehne, 1999; Shahidzadeh-Bonn et al., 2008) on solutions of gypsum and admixture products.  
Cement-admixtures interaction 
All the tested surfactant-based admixtures (A1-4) triggered abundant GE formation from gypsum solution 
(Section 7.5.1). However, when a single product (A3) was tested as a component of a cement paste, no 
such effect was observed anymore (Section 7.5.2). This suggests that it might have been immobilised in a 
complex structure of hydrated cement paste. This hypothesis could be tested by subjecting a carbonated 
cement paste sample to a leaching test and estimating the content of dissolved admixture by measuring the 
content of total organic carbon in the leachate (Dransfield, 2007). Its comparison with the amount of 
admixture added to the cement paste sample would allow assessing the extent of the immobilising effect. 
The effect of admixture on formation of GE from brick  
The ATM test on brick and admixture used a brick type deficient in anhydrite, and this already could 
prevent from observing the GE triggering effect induced by the added mortar admixtures. It would be 
then of interest to repeat these tests with bricks containing more elevated levels of anhydrite, similar to 
Bowler and Winter (1997).  
Admixtures replacement 
The ultimate goal of the brick industry is to eliminate the GE problem. This research indicated that this 
can be achieved by eliminating the GE-triggering mortar admixtures, and finding an inert substitute is 
hence a necessary and final step. The tested superplasticizer yielded promising results in the benchmarking 
tests, but showed unsatisfactory results in combination with cement paste due to an interaction effect. 
While the lack of reducing effect on surface tension explains no GE triggering effect in the benchmarking 
tests, this also results in no air-entraining capability. Such superplasticizer products cannot hence 
substitute the air-entraining agents, which have a beneficial effect on the freeze-thaw resistance of  cement 
mortar.  
In this exploratory study four (surfactant-based) commercial admixtures were tested. Their composition 
was not known, while as an initial attempt their concentration during the test was increased three fold due 
to a general practice of admixture overdosing at the construction site. In the next step a more systematic 
approach should be implemented to investigate the effect of composition and concentration on the GE 
risk. A molecule of surfactant is composed of the polar head and the nonpolar tail, and the former may 
play an important role in triggering GE formation. Surfactants may induce crystallisation at the liquid-air 
interface and a critical parameter in this process is the compatibility between certain crystal faces and the 
arrangement of surfactant’s polar groups at the interface (Canselier, 1993). It would then be worth 
focusing on investigating how the GE triggering effect depends on the charge (anionic, cationic, non-
ionic) and type (e.g. carboxylate COO-, sulphonate SO2O-) of the surfactant’s polar group (Ramachandran, 
1995). This could be possibly realised in a similar way as the admixture benchmarking test (Section 7.5.1), 
by applying ATM method to a solutions of gypsum and selected surfactants. 
Alternatively, the desired workability of mortar could possibly also be achieved by formulating a cement-
lime mortar without the need for air-entrainer addition (Tate and Thomson, 2001). Moreover, lime, 
besides providing good plasticity to the mix, may as well inhibit ettringite decomposition and thus gypsum 
formation in the mortar joint (Brocken et al., 2000). One needs to remember though, that a masonry 
mortar, besides providing GE free masonry, should also respect a number of mechanical requirements 
defined in European and national normatives.  
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Carbonation duration 
The ATM test duration has been shortened significantly, but still it takes four months when applied to the 
evaluation of carbonated cement paste. It stems from the long duration required for cement paste curing 
(28d) and cement paste carbonation (70d). The latter could possibly be accelerated by further reducing the 
grain size of the cement paste powder (0.5-2mm in this project), but this on other hand may bring a risk 
of insufficient powder permeability (for CO2) and thus uneven carbonation progress. The alternative 
approach could be to realise the carbonation phase on mortar grains instead of cement paste, which are 
characterised by a higher and coarser porosity, and thus should possibly carbonate more effectively.  
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9 Appendices 
9.1 Appendices 
9.1.1 Appendix A: Repeatability 
Table ‎9.1 shows the results of repeated analyses performed on hydrated cement samples subjected to the 
same duration of carbonation test. The cement paste grains were separately sampled and prepared for 
each analysis. The results show that the amounts of CH and water soluble sulphate were determined with 
a very high repeatability (RSD=1-2%). On the other hand, the QPA results for AFm were markedly less 
repeatable (RSD at 22% and 77%), what was likely attributed to their content being at the edge of the 
detection limit. The QPA results for the AFT showed also increased variability (RSD at 6% and 22%). 
Both AFt and AFm phases are particularly sensitive to the sample preparation conditions: drying, grinding 
and storage (Snellings, 2016), what may explain the observed variation. 
Table ‎9.1  Results of the repeatability analysis. For convenience, the monosulphate and ettringite names are 
shortened to their respective mineral group names: AFm and AFt. Minerals‘ content is expressed in 
g/100g anhydrous, while the extracted water soluble SO42- in mmol/100g anhydrous. Next to the average 
a standard deviation (SD) and a relative standard deviation (RSD) is calculated. NA stands for not 
analysed. 
Sample 
AFt 
(QPA) 
AFm 
(QPA) 
CH 
(TG) 
SO4
2-
 
(ICP-OES) 
CEM I 0d 3.06 0.55 12.81 NA 
CEM I 0d 3.25 0.40 13.22 NA 
CEM I 0d 4.51 0.37 12.71 NA 
Average 3.61 0.44 12.91 - 
SD 0.79 0.09 0.27 - 
RSD 22% 22% 2% - 
CEM I 18d 4.79 0.29 6.89 NA 
CEM I 18d 4.41 0.04 6.89 NA 
CEM I 18d 4.32 0.19 6.79 NA 
Average 4.51 0.18 6.86 - 
SD 0.25 0.12 0.05 - 
RSD 6% 70% 1% - 
CEM I 155d NA NA NA 13.72 
CEM I 155d NA NA NA 13.88 
CEM I 155d NA NA NA 14.05 
Average - - - 13.88 
SD - - - 0.17 
RSD - - - 1% 
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9.1.2 Appendix B: Summary of initial and final DR, and final %E 
The scatter graphs below (Figure ‎9.1 and Figure ‎9.2) summarize the key parameters: the initial and final 
DRs, and the final %E values, displaying the parameter‘s value for each individual setup. The arrows 
indicate outlier cases, which are further addressed in the ‗‎9.1.3 Appendix C: ATM outliers‘ appendix.  
  
 
 
Figure ‎9.1  A comparison of the initial (A) and the final drying rates (B), and the final efflorescence 
 coverage (C). The arrows indicate an outlier case. 
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Figure ‎9.2  A comparison of the initial (A) and the final drying rates (B), and the final efflorescence 
 coverage (C) for the effect of location study. The arrows indicate an outlier case. 
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9.1.3 Appendix C: ATM outliers 
The drying rate evolution plots for the G-CS 58 and G7-25 setups showed a major deviation from the 
behaviour of other setups from the same set, see the dashed line plot in Figure ‎9.3 A and Figure ‎9.4 A, 
respectively. This was likely attributed to the setup‘s leakage. The two results were hence regarded as 
outliers. Nevertheless, the efflorescence evolution (Figure ‎9.3 B and Figure ‎9.4 B) appeared to be not 
affected by the leakage and therefore it was considered as a valid result.  
 
 
Figure ‎9.3 The drying rate (A) and the efflorescence coverage (B) evolutions for the G-CS setups. 
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Figure ‎9.4  The drying rate (A) and the efflorescence coverage (B) plots for the G1-9 setups (the effect of location 
study). 
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